City University of New York (CUNY)

CUNY Academic Works
Dissertations, Theses, and Capstone Projects

CUNY Graduate Center

5-2019

Mild Synthesis of Perylene Tetracarboxylic Monoanhydrides with
Potential Applications in Organic Optoelectronics
Xizhe Zhao
The Graduate Center, City University of New York

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/gc_etds/3258
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

Mild Synthesis of Perylene Tetracarboxylic
Monoanhydrides with Potential Applications
in Organic Optoelectronics

By

Xizhe Zhao

A dissertation submitted to the Graduate Faculty in Chemistry in partial
fulfillment of the requirements for the degree of Doctor of Philosophy
The City University of New York.

2019

© 2019
Xizhe Zhao
All Rights Reserved

ii

Mild Synthesis of Perylene Tetracarboxylic Monoanhydrides with Potential
Applications in Organic Optoelectronics
by
Xizhe Zhao

This manuscript has been read and accepted for the Graduate Faculty in Chemistry
in satisfaction of the dissertation requirement for the degree of Doctor of
Philosophy.

04/29/19

Prof. Shi Jin

_________________________

Date

Chair of Examining Committee

04/29/19

Prof. Brian R. Gibney

_________________________

Date

__________________________________________________

__________________________________________________

Executive Officer

Supervisory Committee:
Prof. Krishnaswami Raja
Prof. Sanjai Kumar Pathak
THE CITY UNIVERSITY OF NEW YORK

iii

ABSTRACT

Mild Synthesis of Perylene Tetracarboxylic Monoanhydrides with Potential
Applications in Organic Optoelectronics
By
Xizhe Zhao

Advisor: Professor Shi Jin
Perylene tetracarboxylic derivatives are considered good n-type semi-conductors. In past decades,
there has been extensive study on their synthesis and electronic properties. Because of the high
electron affinity, the ability to form π-π stacks, they have been widely utilized in organic
photovoltaic solar cells, field-effect transistors and light-emitting diodes. Many of those
applications prefer unsymmetrically substituted perylene tetracarboxylic derivatives. Perylene
monoanhydrides are the most versatile intermediates for the preparation of unsymmetrically
substituted perylene tetracarboxylic derivatives. In this thesis, I focused on introducing new
synthesis methods for perylene monoanhydrides with labile functional group and their potential
applications in organic optoelectronics.
In Chapter 1, it is the general background of perylene tetracarboxylic derivatives including (a)
redox properties, optical properties and liquid crystalline phase, (b) synthesis routes, (c) perylene
diimides oligomers and their properties.
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In Chapter 2, perylene monoimide monoanhydride dimer was prepared and applied as an
intermediate to synthesize perylene oligomers from monomer to pentamer, breaking the previous
record of trimer. And their absorption coefficients and reduction potentials were studied.
In Chapter 3, a tandem palladium-catalyzed deallylation /cyclization reaction was designed to
occur under a mild condition: weakly acidic (acetic acid) and room temperature, which enables
the synthesis of perylene monoanhydrides with many labile R groups for the first time.
In Chapter 4, an unsymmetrically substituted perylene monoanhydride diester was prepared
through a “one-pot three-step” synthetic strategy and served as the key starting material for a
functional group-tolerant, transition metal-free synthesis of perylene monoanhydrides. Perylene
monoanhydrides with a wide range of viable functional groups were prepared which could be
further converted to other unsymmetrically substituted perylene derivatives.
In Chapter 5, by tuning the length of the alkyl swallow tail on perylene tetracarboxylic
derivatives, a bundled-stack discotic columnar liquid crystalline phase was observed, which is
the first perylene compounds that display discotic columnar liquid crystalline phase within one
or two alkyl chains. And highly robust charge transport performance is expected.
Novel synthesis methods for preparing perylene tetracarboxylic derivatives are important as
providing new perylene-based materials. The characterization is critical as well, which including
infrared spectroscopy, ultra-violet, nuclear magnetic resonance, differential scanning calorimetry,
gel permeation chromatography and wide-angle X-ray diffraction. In general, the achievements
in my research contributed a significant advance in the field of developing perylene
tetracarboxylic derivatives as semiconducting materials.
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Chapter 1: Introduction

Organic semiconducting materials have a number of potential applications in electronic and
optoelectronic devices such as sensors, plastic batteries, solar cells, field-effect transistors,
optical data storage, organic electroluminescent devices and switching devices because of
potential advantages such as low cost, light weight, capability of forming large-area thin films
and flexible device fabrication.[1]
As a result, researchers have devoted considerably in molecular design to improve properties of
organic materials which are mostly based on conjugated π-electron systems and can be divided
into electron-transporting (or n-type) and hole-transporting (or p-type) semiconductors. Most of
organic conducting materials are p-type semiconductors, with positively charged holes in the
valence as the major charge carriers. For n-type semiconductors, the major charge carriers are
electrons in the conduction band. Most of electron-transporting materials are on the basis of
electron-deficient molecules that can be used as the electron-acceptor in organic photovoltaic
solar cells. Comparing to p-type semiconductors, n-type semiconductors are much less common.
Therefore, studying and developing new n-type organic semiconducting materials have captured
much attention.
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Figure 1.1. Different perylene tetracarboxylic derivatives based on the substitution pattern
Perylene tetracarboxylic derivatives are important n-type materials,[2] due to the electronic effect
of four highly electron-deficient carbonyl groups. They include perylene dianhydride (PDA),
perylene

tetraesters

(PTEs),

perylene

diester

monoimides

(PEIs),

perylene

diester

monoanhydrides (PEAs), perylene diimides (PDIs) and perylene monoimide monoanhydrides
(PIAs), as depicted in Figure 1.1.

1.1 Properties of perylene derivatives

1.1.1 Redox properties

Thanks to the direct attachment of four highly electron-withdrawing carbonyl groups, all
perylene tetracarboxylic derivatives are electron-deficient. The electron deficiency of a perylene
tetracarboxylic derivative strongly depends on the type(s) of carbonyl groups connected to the
core. Because of steric hindrance, ester carbonyl groups are not coplanar with the perylene core.
This prevents the efficient communication between the electron-deficient carbonyls and the
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perylene π-system, making PTEs as the least electron-deficient perylene tetracarboxylic
derivatives. In contrast, imide and anhydride carbonyls are fully coplanar with the perylene core,
which allows the carbonyls to fully flex their electron-withdrawing power. Anhydride carbonyls
are more electron-withdrawing than imide carbonyls, as one can expect from the
electronegativity

difference

between

oxygen

and

nitrogen.

Consequently,

perylene

tetracarboxylic derivatives demonstrate the decreasing electron deficiency in the following order:
PDA > PIA > PDI≈PEA > PEI > PTE.[3]

Figure 1.2. The first reduction potentials of perylene tetracarboxylic derivatives versus Fc/Fc+[3]
Being electron deficient, perylene tetracarboxylic derivatives are rather easy to reduce,
exhibiting relatively high first reduction potential. The most widely investigated type of perylene
tetracarboxylic derivatives is PDI. As shown in Chart 1.1, the first reduction potential of PDI3

13, a typical PDI, is very similar to that of C60.[4] C60 is a powerful electron-deficient material
frequently used as the electron acceptor in an optoelectronic device. The photo stability of PDIs
benefits from their electron deficiency.[5] Due to the high reduction potential, a PDI is less likely
to be photo-oxidized in its photo-excited state than other organic dyes. As a result, PDIs have
been applied as long-lasting photovoltaic materials.
Chart 1.1 also shows that substituents in the bay-area can impact the redox property of a PDI.
For instance, PDI-CN2, having two electron-withdrawing cyano groups attached to the bay-area,
exhibits an appreciably higher first reduction potential than PDI-13.

Chart 1. 1. Reduction potentials and field effect transistors of n-type organic semiconductors[4]
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Similar to PDIs, the other types of perylene derivatives also have appreciable electron-accepting
power. The first reduction potentials of a series of PEA, PTE, PEI and PIA are shown in Figure
1.2, along with that of a PDI. On the account of the anhydride group is more electron
withdrawing than the imide group, the electron affinity of 4 (-0.988V) is greater than that of PDI
6 (-1.044V). Even more interesting, the first reduction potential values (-1.162V) of PEA 1
compare favorably with that of [6, 6]-phenyl C61 butyric acid methyl ester (PCBM, a widely used
electron acceptor in organic photovoltaics), which has a first reduction potential of -1.169 V vs.
Fc/Fc+ in 1, 2-dichlorobenzene solution.[6] Equipped the four least electron-withdrawing ester
groups, the PTE 2 is the least electron deficient materials.
With high electron affinity, solution-processible PDIs have been used frequently in photovoltaic
devices as the electron acceptor. Combining with a suitable organic electron donator, an organic
solar cell may be fabricated. An example of a bilayer heterojunction material is shown in Figure
1.3. The PDI 20 mixed with a substituted hexabenzocoronene (HBC 21) and spin-coated on an
ITO substrate, a solar cell with a power conversion efficiency of 1.95% was obtained.[7]

5

Figure 1.3. Device structure of PDI 20/HBC 21 bulk-heterojunction solar cell[7]

6

Figure 1.4. The mechanisms of charge-carrier separation and transport[8]
Two possible mechanisms of charge separation and transport of the bilayer heterojunction
material are shown in Figure 1.4. Excellent photostability and high electron affinity are among
factors that make PDIs a promising candidate as the electron acceptor in a photovoltaic cell.

7

Based on this mechanism, the electron deficiency of the electron acceptor in a donor-acceptor
type photovoltaic cell should be high enough to facilitate the charge separation process at the
donor-acceptor interface. However, it is not always that the more electron deficient the electron
acceptor is, the more efficient the photovoltaic process will be. An overly electron deficient
acceptor will lead to a decreased open-circuit voltage, therefore a lower power conversion
efficiency. Therefore, for a given electron donor, the ideal electron acceptor should have a
matching electron deficiency that is just high enough to drive the charge separation process, but
not too high to reduce the output voltage of the cell. For many electron donors, there is a great
chance to find a perylene tetracarboxylic derivative as the matching acceptor, as the first
reduction potentials of perylene tetracarboxylic derivatives span a wide range of more than 500
mV.

1.1.2 Optical Properties of PDIs
Since 1913, when the first PDI was reported by Kardos, perylene tetracarboxylic derivatives
have been intensively studied and developed.[9] Perylene derivatives, as a functional dye, not
only were used in colorant field, but also were applied in many high-tech applications, especially
for PDIs. Moreover, single molecule of PDIs exhibits high fluorescence quantum yields and
photochemical stability. As a result, PDIs are considered as the best fluorophores for single
molecule spectroscopy.[10,11]
Dye chemistry is considered one of the oldest and most explored areas in organic chemistry.
PDIs and other perylene tetracarboxylic derivatives are well known pigment and widely used as
industrial dyes. For examples, Pigment Red 179, Pigment Red 178, and Pigment Red 149 are
applied as high-grade industrial paints. Because these PDI-based pigments exhibit excellent
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chemical, photo, thermal, and weather stability, the relatively high cost is outweighed by their
outstanding quality and color durability.[12,13]
The color of a perylene tetracarboxylic derivatives depends on both its chemical structure and the
packing mode of the planar π-conjugated system. J and H-aggregates are the two major packing
modes of the aromatic cores in perylene derivatives. As shown in Figure 1.5,[14] depending on
the substitution pattern, the chromophores overlap in different modes. A J-type aggregation
usually exhibits a bathochromic shift in its UV-vis spectra, and H-type aggregation is typically
accompanied by a hypsochromic shift. The shifts along with different packing mode of aromatic
rings greatly broaden the color range of perylene dyes and the application as industrial pigments.

Figure 1.5. Chromophore packing modes of PDIs[14]
As the best lightfast colorants to date,[15] the outstanding absorbance and fluorescence properties
of PDIs come from the π-conjugated system. Another unneglectable feature is the HOMO and

9

LUMO orbitals of PDIs exhibit nodes at the two imide nitrogen atoms, which enables the
electronic decoupling between the aromatic core and N-substituents. Based on this, the
substituents can be freely tuned to improve the solubility of PDIs without affecting the
monomeric state-spectrum.
The UV-vis absorption peaks of PDIs are normally found at 528, 490, 460 and 432 nm, and the
molar absorption coefficient of PDIs can be as high as 95,000 Lmol-1cm-1.[16] Most of the PDIs
have a tendency to aggregate, especially in poor solvents or with high concentration. Under
aggregation, the absorption peaks can be significantly affected, including broaden peaks, reduced
intensity, hypsochromic shift of absorption maximum, a quenched fluorescence and the
appearance of additional peak at longer wavelength.
Figure 1.6 shows the absorption spectra of a certain PDI dissolved in methyl cyclohexane (MCH)
and chloroform mixtures in different ratio. Although with a number of peripheral chains attached,
the PDI still severely aggregates at a high MCH content of 80% in the concentration of 1*10 -5 M.
Upon reaching a high CHCl3 content of 50 % (solid line), dyes do not form aggregates
anymore.[14]
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Figure 1.6. Absorption spectra of a PDI in different ratios of MCH and chloroform solution[14]
For solving the aggregation issue, protonation of the carbonyl groups is an efficient method
when quantitatively determining the fluorescence quantum yield of PDIs. Because PDIs are very
resistant toward aggressive reagents, concentrated sulfuric acid[16] and trifluoroacetic acid
(TFA)[17] can be used to protonate PDI cores. By treating with concentrated sulfuric acid or
trifluoroacetic acid, the aggregation of a PDI can be prevented, resulting in a UV-vis spectrum of
its unimeric state. As shown in Figure 1.7, with continues titration of TFA, the aggregation of
PDIs (blue curve) disassociates gradually (red curve).[18]
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Figure 1.7. TFA deaggregation of PDI in solutions[18]

1.1.3. Liquid crystalline phase of perylene tetracarboxylic derivatives and their
applications
As charge carriers migrate along the -stacking direction, the charge transport performance of a
device based on an organic semiconductor strongly depends on the macroscopic alignment of stacks. One effective method to achieve a uniform, macroscopic alignment of -stacks in an
organic semiconducting material is to utilize the self-organization and self-healing properties of
liquid crystalline (LC) materials.
1.1.3.1. Liquid Crystals
A highlighted topic nowadays is liquid crystalline (LC) materials becoming promising
candidates in charge transport applications. Liquid crystals were first discovered in 19th century
12

by Reinitzer. A strange phenomenon showed when he was trying to determine the melting point
of a cholesterol based substance. Two “melting points” existed in the substance as the solid melt
to a cloudy liquid first before a clear transparent liquid appeared in continue heating. This unique
kind of order was later referred as a mesophase, or a liquid crystalline (LC) phase, illustrating
that it was a phase between a crystalline solid and an amorphous liquid, and sharing properties of
both.[19]
LC phases can be first classified into thermotropic and lyotropic phases. The mesophase
formation of thermotropic liquid crystals only involves thermal effect, in other words, the change
of temperature. The formation of a lyotropic mesophase depends on the concentration of a
solution. Since the essential applications of LC compounds in electronics mainly involve neat
materials, only thermotropic liquid crystals will be discussed in this thesis.
Liquid crystals can also be classified according to the nature of their intermediate order. There
are three types of order can be found in liquid crystals: molecular orientational order, bond
orientational order and positional order. A LC phase possesses molecular orientational order
when all molecules have the same preferential orientation. Bond orientational order describes the
order in which the virtual “bonds” connecting adjacent molecular centers in the same layer point
to a few well-defined directions. Typically, those “bonds” form 2D hexagonal grids. Long-range
positional order can be found in a LC phase when 1. Molecules self-assemble into layers that
have a well-defined layer thickness (1D positional order); 2. Molecules self-assemble into
columns that organize into long-range ordered 2D lattice (2D positional order). 3D long-range
positional order only can be found in crystals. Among three types of order, only the molecular
orientation order exists in all LC phases.
Nematic phase is the least ordered LC phase that only exhibit long-range molecular orientational
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order. A smectic phase feature both the molecular orientational and the long-range positional
order of layers, the long axis of molecules typically is either parallel or at a modest angle to the
layer normal. In a cholesteric phase, molecules in the same layer share a nematic order, with the
long-axis of molecules parallel to the layer. In addition, the phase is characterized by the helical
twist of the molecular orientation between layers that is induced by the nonracemic chiral
molecules. Figure 1.8 shows the typical structures of the three types of mesophases.[19]
Molecules aggregate into the nematic phase as the rod-shaped molecules align to a uniform
direction. But the ends are staggered at random intervals. Different from the nematic phase,
smectic phase possesses a layered arrangement of molecules and the long axes of the molecules
are parallel to each other as well. In the cholesteric phase, the molecules are arranged into a
spiral layered structure. But in each layer, uniaxial orientation of molecules can be
observed.[20,21]
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Figure 1.8. The arrangement of molecules in the nematic, smectic and cholesteric liquid crystal
phases[19]
In low molar mass materials, liquid crystals also can be classified on the basis of the molecular
shape, like calamitic and discotic liquid crystals. Calamitic LC phases are those LC phases
observed as the result of self-assembling of rod-like molecules. The key long-range molecular
orientational order manifests as molecules orienting with their long axes pointing to the same
direction, as shown in Figure 1.8. A discotic LC phase forms as the result of self-assembling of
disc-shaped molecules. Similar to calamitics, if only long-rang molecular orientational order
exists, the discotic LC phase is defined as a discotic nematic phase. The only major difference
here is that molecules are oriented with their short axis pointing to the same direction. More
commonly, flat discs tend to organize into a 2D discotic columnar LC (DCLC) phase where
molecules pack into columns and those columns aggregate into a two-dimensional long-range
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ordered lattice.[22,23] Figure 1.9 shows the structures of discotic nematic phase and hexagonally
packed discotic columnar phase.[24]

Figure 1.9. Structures of discotic nematic phase and discotic columnar phase[24]
DCLC materials, just like other LC materials, are capable of self-healing, self-organizing,
responding to external stimuli and can be processed easily. When the discotic units are
extensively π-conjugated, a strong intra-column π-stacking interaction makes high charge carrier
mobility along the column axis direction possible. The charge carrier mobility of a DCLC
material is modestly lower than its single crystal counterpart, due to lower intra-columnar
positional order. However, since it is much easier to achieve uniform alignment at the molecular
level in a macroscopic DCLC material than its polycrystalline counterpart, the device
performance of a DC LC material is often higher than its polycrystalline counterpart.[25,26]
1.1.3.2. Perylene tetracarboxylic derivatives in discotic columnar liquid crystalline (DCLC)
phase
LC perylene tetracarboxylic derivatives, due to their electron deficiency and ability to form πstacks, can serve as excellent n-type organic semiconductors. Since the discovery of LC PDIs in
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1997 by Cormier and Gregg[27], many PDIs and other perylene carboxylic derivatives in
smectic[28-31] and DCLC [32-34] phases have been reported.
Micro-phase segregation is an important factor that affects the type of LC phase a perylene
tetracarboxylic derivative forms. In a mesophase, the rigid mesogens (usually aromatic cores)
tend to segregate from the soft, flexible tails into a rigid micro-phase. The type of the mesophase
depends on the curvature of the rigid/soft microdomain interface. A flat interface prefers a
smectic LC phase. On the other hand, a non-flat rigid-soft interfacial curvature is often
associated with a column-like structure.
Smectic LC phases have been frequently observed in perylene tetracarboxylic derivatives with
two symmetrical flexible chains, especially PDIs, as exemplified in Figure 1.10.
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Figure 1.10. PDIs with two peripheral chains in smectic LC phase[28]
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Figure 1.11. Bay-area substituted PDIs with six peripheral chains in DCLC phase[35]
With four or more flexible chains attached to the perylene core, a DCLC phase is likely to form.
In this case, the flexible tails segregate into a liquid-like matrix while the rigid cores selfassemble into the cylinders, often assisted by π-stacking interaction. All DCLC PDIs shown in
Figure 1.11 are equipped with six peripheral chains.
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Figure 1.12. PDIs with four peripheral chains in DCLC phase[36]
Besides the number of flexible chains per molecule, the conformational preference of the flexible
chains also affects the formation of a DCLC phase. In order for a DCLC phase to be stable, the
space between neighboring columns has to be occupied by flexible chains without vacancy.
Figure 1.12 depicts three PDIs with swallow-tail type flexible chains, which is equivalent to four
linear flexible peripheral chains per molecule.[36] Compound 1, the PDI with four linear n-heptyl
chains, does not exhibit a DCLC phase during heating and only has a very narrow temperature
window of 7.6 °C for the DCLC phase to form during cooling. In contrast, both compounds 3
and 4, where oligoethylene glycol chains replaced n-alkyl chains, exhibit a DCLC phase over a
much wider (at least 59 °C) temperature window, during both heating and cooling. It is believed
that the higher conformational freedom of the OEG chains enables the more efficient space
filling, which better stabilizes the DCLC phase.
The charge transport ability of a PDI is impacted by the weight (or volume) ratio of the rigid,
conjugated mesogen to soft peripheral chains. Although the peripheral chains can fill up the
vacant space and provide the needed molecular mobility for the formation of a DCLC phase,
only the rigid aromatic mesogen contributes to the optoelectronic properties in applications. On
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this regard, the PDIs with four flexible oligoethylene glycol chains shown in Figure 1.12 are
more attractive than those shown in Figure 1.11, owing to the higher core/tail volume ratio.

Figure 1.13. PDI molecules with different substitutes stacking in different rotational angles[37, 38]
Frontier orbital overlap is another factor that influences the intra-column charge transport
between adjacent π-conjugated molecules. Assuming that the column axis coincides with the
normal of aromatic mesogen rings (which is typical in a DCLC phase), the overlap of frontier
orbitals is related to two aspects. One is the π-stack spacing and the other is the rotational angle
between the neighboring mesogens. In most of DCLC perylene tetracarboxylic derivatives, the
rotation-stacking of mesogens forms a continuous helical scheme throughout a column. It is
believed that such a helical intra-column organization can lead to a more stabled DCLC phase.
As shown in Figure 1.13, the intra-column rotation angle between adjacent PDI cores depends
on the imide substituent. With swallow-tail type alkyl imide substituents, the angle between
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adjacent perylene molecules is around 35° (on the left side).[37] In contrast, the adjacent PDI units
are perpendicular to each other when equipped with swallow-tail type oligoethylene glycol
segments (on the right side).[38]
The intra-column rotation angle can be affected by many factors, such as hydrogen bonding,
inter-molecular dipole-dipole interaction, steric hindrance from the bulky substitutes,
substituents position and phase separation, etc.[39-41] According to the theoretical calculation, the
most efficient inter-molecular charge transport for stacked PDI cores is associated with the
rotational angles at around 0º (for both holes and electrons), 65º (for electrons) and 50º (for
holes). While the least efficient charge migration occurs at rotation angles of 30º and 90º (for
both holes and electrons). Note that, the intra-column rotation angle of 0°, although being the
most preferred angle for change transport, is nearly impossible because of the steric hindrance
and electrostatic repulsive interaction. For symmetrically N-substituted PDIs, the molecules are
more likely to form a 90º rotation angle upon π-stacking,[42] which is associated with a poor
charge transport performance. Therefore, for a PDI designed as n-type semiconductors,
unsymmetrical N-substituents are preferred to optimize of the rotation angle of adjacent units for
better frontier orbital overlap.
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Figure 1.14. PTEs with different alkyl chains in DCLC phase[43]
Besides the numerous reports on LC PDIs, PTEs were also discovered exhibiting a DCLC order.
As shown in Figure 1.14, for those PTEs with n-alkyl substituents, a DCLC phase is observed
with a right chain length. The clearing point of the DCLC phase (and the melting point of the
underlying crystalline phase) decreases substantially with increasing n-alkyl chain length. When
the PTE is equipped with 3, 7-dimethyloctyl, an alkyl chain with methyl branches, only a DCLC
phase and the isotropic liquid phase are observed. This is likely due to the packing difficulty for
such alkyl chains in a hypothetical crystallization process. When comparing with PDIs, the πconjugated core of a PTE is substantially smaller due to the loss of two six-membered imide
rings, which will significantly affect the π-π interaction and the ability to conduct charge carriers.
1.1.3.3. Perylene monoanhydrides in bundled-stack DCLC (BSDCLC) phase
As discussed above, the formation of a DCLC phase is mainly driven by the micro-phase
segregation of the rigid discotic aromatic cores and the soft peripheral chains. In a conventional
DCLC phase, a column consists of one conducting π-stack of aromatic cores at the center, with
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flexible and insulating peripheral chains symmetrically surrounding the stack. When charge
carriers move through such a DCLC material, the migration is limited to along the columna axis
direction, because only the π-stacked cores can allow the fast transport of charge carriers. Such a
one-dimension transport mode is highly vulnerable to the occurrence of defects. Since a DCLC
phase is a mobile phase, at least temporary defects are unavoidable.
Instead of only one conducting π-stack per column, a novel DCLC phase with a bundle of πstacks in each column was discovered in a perylene carboxilic diester mononahydride (PEA).[44]
As shown in Figure 1.15, such a bundled-stack structure in this DCLC PEA provides a charge
carrier an opportunity to hop to a neighboring stack to continue the migration when it encouters a
defect in a π-stack, which significantly improved the charge carrier mobility.
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Figure 1.15. PEA in BSDCLC phase[44]
Structure characterizations and simulation results revealed that the room temperature DCLC
phase features a unique composite bundled-stack columnar structure involving two stacking
modes with a π-π stacking distance of 3.6 Å. Its hierarchical structure permits inter-stack
electronic coupling which is potentially useful to circumvent defects in charge or energy
transport and enable the fabrication of highly efficient photovoltaic cells using DCLC materials.
The formation of the bundled-stack structure is associated with the inter-stack anhydride dipoledipole interaction and the appropriate mesogen/flexible chain interfacial curvature.
As DCLC phases have been observed in PDIs, PTEs and PEAs, we speculate that perylene
tetracarboxylic monoimide monoanhydrides (PIAs) may also be capable of forming a DCLC
phase. Similar to a PEA, a PIA has the highly polar and substituent-free anhydride side to
encourage the formation of bundled π-stacks. Therefore a PIA should also have the potential to
self-assemble into a bundled-stack DCLC phase, if the proper flexible chain-rigid core interfacial
curvature could be achieved by tuning the imide substituent. Compared to PEAs, PIAs are more
electron-deficient, which is typically associated with better ambient stability for electron
transport. Moreover, the π-conjugated core of a PIA is larger than that of a PEA, therefore one
can expect stronger π-stacking interaction and likely higher charge carrier mobility. Despite
promising potential applications of DCLC PIAs as electron-transporting materials, there are no
reports on LC PIAs. We believe that the difficulty in preparing PIAs, especially those with a
labile functional group at the imide side, may play a role.
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1.2 Synthesis of perylene tetracarboxylic derivatives

Perylene tetracarboxylic derivatives can be classified into different groups based on the
substitution pattern. PDA plays an important role in the synthesis of perylene derivatives. Most
of perylene tetracarboxylic derivatives were prepared from PDA.[45-48] Different sorts of perylene
derivatives that could be prepared from PDA have been depicted in Scheme 1.1.
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Scheme 1.1. Different symmetrically substituted and unsymmetrically substituted perylene
tetracarboxylic derivatives prepared from PDA (R1 and R2 are different substitutions)
As shown in Scheme 1.1, if substituents at two sides of the perylene ring are same, they are
categorized as symmetrically substituted perylene tetracarboxylic derivatives, such as 2 and 3.
Otherwise, they are unsymmetrically substituted perylene tetracarboxylic derivatives, such as 4-9.
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When synthesizing asymmetric perylene derivatives, 5 is an important intermediate. Among
perylene derivatives, PDIs (3 and 9) have been studied most extensively. However, the synthesis
routes of these two kinds of PDIs are quite different. 3 could be directly obtained by the reaction
of 1 with a multitude of aromatic and aliphatic amines. This probably explains why the majority
of studied PDIs are symmetric. But the synthesis of an unsymmetrically substituted PDI 9 is
much more challenging. Here, the representative synthesis methods of PDIs, both symmetric and
unsymmetric ones, will be reviewed, along with other perylene tetracarboxylic derivatives.

1.2.1 Synthesis of symmetric PDIs
PDIs were first discovered in 1913 by Kardos via the method of dimerization of substituted
naphthalene imides.[9] Later, researchers also reported stepwise dimerization for symmetric
PDIs.[49] One reaction is shown in Scheme 1.2.[50] But these reactions were limited to short-chain
aliphatic PDIs or some special cases due to the complicated procedures and side products.
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Scheme 1.2. Synthesis of symmetric PDIs via the dimerization of substituted naphthalene
imides[50]
The modern preparation route of symmetric PDIs is more straightforward. Normally, PDA acts
as the starting material, its direct condensation with a primary amine will give the corresponding
PDI. PDA is chosen as an excellent starting material because it can be easily obtained,
inexpensive, and stable under common storage conditions.
The preparation of 3 (in Scheme 1.1) with a simple alkyl imide substituent can be achieved by
the condensation of PDA and the corresponding alkyl primary amine under various conditions
with a good yield. The solvent can be DMF, DMSO, pyridine, benzene or even water[51,52] A
representative reaction route is shown in Scheme 1.3.
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Scheme 1.3. Synthesis of symmetric PDIs in water or benzene solvent
For aromatic or other less reactive amines, pyridine, quinoline or molten imidazole are often
used as the solvent.[53-56] In some cases, zinc, lead or copper salts can be used as the catalyst.[51-53]
One reaction is shown in Scheme 1.4.[55] Although the catalysis mechanism is not well studied, it
was believed that the addition of a metallic salt can increase the solubility of PDA by forming a
metal ion-PDA complex. However, the problem of involving a metallic salt in the reaction is the
separation of such a metal salt from the reaction product is often difficult.
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Scheme 1.4. Synthesis of symmetric PDIs with metallic catalyst in imidazole [55]

1.2.2 One-step synthesis of unsymmetrical PDIs
The majority of studied PDIs carry symmetrical imide substituents, most likely because of their
straightforward preparation.[45] However, in many instances, it is preferred to install two Nsubstituents in an unsymmetrical fashion when the PDI moieties are incorporated into complex
molecular and supra-molecular architectures,[57, 58] or into polymers as the side groups.[59, 60]
Methodologically, the most straightforward method to prepare an unsymmetrically substituted
PDI would be to use an excess of PDA to react with a primary amine, isolate the desired PIA and
then react it with the second primary amine. In reality such a method fails. In the reaction of the
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excess amount of PDA with a primary amine, the primary amine is completely converted to
symmetric PDIs, as shown in Scheme 1.5. This is because PDA has an extremely low solubility
in most organic solvents, while the formed PIA is much more soluble so that it reacts much faster
with the primary amine than PDA and will be consumed immediately upon its formation.
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Scheme 1.5. Stepwise condensation of PDA for unsymmetric PDIs
Since the stepwise condensation with PDA to synthesize 8 (in Scheme 1.1) is impractical, other
synthetic routes for unsymmetrically substituted PDIs were explored. There are two general
methods for the preparation of unsymmetric PDIs. One involves directly reacting a mixture of
primary amines with PDA, and the other is a multistep process with a PIA as the key
intermediate.
One-step condensation with PDA is the simplest method.[61-63] As exemplified in Scheme 1.6,[64]
the products of the reaction include the two corresponding symmetric PDIs, in addition to the
desired unsymmetric PDI. The success of this one-step approach depends mostly on the
reactivity difference of the two primary amines. In order for the unsymmetric PDI to be obtained
in a sensible yield, the two primary amines must be of the similar reactivity.[16] An example is
shown is Scheme 1.7.[65]
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Scheme 1.6. Three major products in one step synthesis of unsymmetrical PDIs[64]

Scheme 1.7. Synthesis of unsymmetrical PDI with similar amine reactivity[65]
Besides the amine reactivities, the actual isolated yield could be also affected by the interaction
of three possible PDI products with the stationary phase in a column chromatography separation.
When three products interact with the stationary phase quite differently, the unsymmetric PDI
can be isolated with a good yield. An example is shown is Scheme 1.8.[66]
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Scheme 1.8. Synthesis of unsymmetrical PDI with different amine structure[66]
Although unsymmetrical PDIs can be easily prepared in a single step from a mixture of two
primary amines and PDA, the yield is no higher than 50% (often much lower) and the reaction is
only practical to a limited selection of amines (and consequently the N-substituents of the PDI).
Therefore the scope of the method is quite limited.

1.2.3 Synthesis of unsymmetrical PDIs with perylene monoanhydride as the key
intermediate
A much more versatile approach to prepare an unsymmetrically substituted PDI is via a perylene
monoimide monoanhydride (PIA) as the key intermediate. Since a PIA can use its anhydride side
to condense with any primary amine readily, such a multi-step unsymmetric PDI preparation
approach is not limited to those PDIs that derived from amines with similar reactivities. Besides,
a PIA may be capable of self-assembling into a bundled-stack DCLC phase that demonstrated
excellent charge transport performance. Moreover, a PIA can also be converted to other
unsymmetrically substituted perylene tetracarboxylic derivatives such as perylene monoimide
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diesters. One of such examples is shown in Scheme 1.9. The major challenge of this approach is
the efficient preparation of a PIA, especially those with a labile functional group at the imide
side.

Scheme 1.9. Synthesis of PEA via PIA[67]
1.2.3.1 Synthesis of perylene monoimide monoanhydride via the partial cleavage of a PDI
Since the preparation of a symmetrically substituted PDI is usually straightforward, partially
cleaving one of the two imide groups became the nature choice for chemists.
A partial acid-catalyzed hydrolysis was first applied to convert a symmetric substituted PDI into
a PIA.[68] To accomplish this, a symmetric PDI needs to be treated with concentrated sulfuric
acid at 180-200 °C. The PIA then can freely condense with another amine and produces an
unsymmetric PDI. The strategy is shown in Scheme 1.10. This harsh hydrolysis reaction is only
feasible for the preparation of those PIAs with a simple alkyl N-substituent. If one attempts to
use this method to prepare a PIA with an aromatic substituent, the reaction will fail as the
sulfonation takes place on the aromatic N-substituent.
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Scheme 1.10. Synthesis of unsymmetric PDIs proposed by Nagao and Misono[68]
Later, Langhals and co-workers found that PDIs readily undergo saponification with potassium
hydroxide in boiling tert-butanol. When one of the two imide groups of a PDI is cleaved, a
perylene monoimide dicarboxylate salt forms. The treatment of this salt with acid and hot
distilled water yields the corresponding PIA. The strategy is shown in Scheme 1.11. In the step
of partial hydrolysis of symmetric PDIs, the average yield was 44%.[16] Additionally, the
saponification is strongly basic, which limits the selection of the N-substituent.
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Scheme 1.11. Synthesis of unsymmetric PDI proposed by H. Langhals.[16]
1.2.3.2 Synthesis of perylene monoimide monoanhydride via reacting an amine with an
unsymmetric perylene tetracarboxylic starting material
Besides partially cleaving a symmetric PDI, PIAs can also be prepared by reacting a primary
amine with an unsymmetrically substituted perylene tetracarboxylic derivative. The most
commonly employed unsymmetrically substituted perylene tetracarboxylic derivative is perylene
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monoanhydride monocarboxylic monopotassium salt, as shown in Scheme 1.12, perylene
monoanhydride monocarboxylic monopotassium salt itself is typically prepared by dissolving
PDA in an excess aqueous KOH solution, followed by a slow acidification at around 100 °C.[69]
The salt precipitates out due to its extremely low solubility in water, even at high temperature. A
PIA then can be prepared via the condensation and ring closure reaction of the monoanhydride
monocarboxylic monopotassium salt with an appropriate primary amine in an aqueous solution.
The disadvantage of this method, however, is the requirement of an aqueous medium, which has
difficulty to dissolve highly hydrophobic amines and results in a low yield of the corresponding
PIAs.
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Scheme 1.12. Synthesis of unsymmetric PDI proposed by Tröster[69]
Alternatively, the condensation of an α-amino carboxylate and perylene monoanhydride
monopotassium salt was successfully carried out in molten imidazole at 150 °C. The
corresponding PIA was obtained after acidification.[70] The strategy is shown in Scheme 1.13.
This method requires the use of an α-amino carboxylate as the amine source and only works well
when the steric hindrance of the α-amino carboxylate is small.
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Very recently, perylene diester monoanhydride (PEA), a new type of unsymmetrically
substituted perylene tetracarboxylic derivatives, was designed as the versatile intermediate for
the synthesis of PIAs and other unsymmetrically substituted perylene tetracarboxylic derivatives.
The first synthesis of PEA was achieved via a tandem partial acid-catalyzed hydrolysiscyclization reaction of the corresponding perylene tetraester (PTE).[3] This hydrolysis reaction
occurred at 95 °C in n-dodecane and toluene mixture with TsOH·H2O as the catalyst. The
composition of the solvent was chosen so that the PTE can dissolve well at 95 °C while the PEA
is essentially insoluble at the same temperature. In this way, the PEA can precipitate efficiently
upon its formation, avoiding the further hydrolysis-cyclization of the its remaining ester groups.
The PEA then was allowed to use its anhydride group to condense with a primary amine in
molten imidazole, yielding a perylene diester monoimide (PEI). At the end, an acid-catalyzed
hydrolysis-cyclization reaction converted the two ester groups of the PEI into an anhydride
group, yielding the desired PIA. The synthetic route is shown in Scheme 1.14. This method
expands the scope of the N-substitutes in the PIA and can also be applied to synthesize other
unsymmetrically substituted perylene tetracarboxylic derivatives such as PEIs (an example is
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shown in Scheme 1.15) and PTEs. However, the requirement of heating with TsOH·H2O at
95 °C is still too harsh to many labile functional groups.
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Scheme 1.14. Synthesis of PIA via PEA[3]

Scheme 1.15. Synthesis of PEIs via PEA[71]
Based on these studies, perylene monoanhydrides, including perylene diester monoanhydrides
(PEAs) and perylene monoimide monoanhydrides, can serve as the key intermediate to
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synthesize other unsymmetrically substituted perylene derivatives, especially PDIs. However, the
existing synthesis routes of perylene monoanhydrides only allow the preparation of perylene
monoanhydrides carrying a narrow selection of functional group, either due to the solubility
issue or the drastic reaction conditions. Promising potential applications of unsymmetric
perylene tetracarboxylic derivatives in complicated molecular and supramolecular systems call
for efficient and functional group-tolerant synthesis methods for perylene monoanhydrides are in
need for the preparation of unsymmetrical perylene derivatives. Such new mild and functional
group-tolerant methods will be reported in Chapter 3 and 4.

1.3. Properties and preparation of PDI oligomers

Perylene diimides (PDIs) are attractive owing to their strong absorption and fluorescence,
electroactive and photoactive properties, and excellent thermal, chemical and photochemical
stability. All these properties arise from PDIs’ unique structure. Therefore, PDI oligomers, multichromophoric PDI dyes functionalized through imide-positions, shall be expected to share the
similar properties of PDIs. The structure of PDI oligomers is shown in Figure 1.16. PDI
oligomers are constructed by directly connecting individual PDI units through N-N bonds.
Perylene oligomers are efficient fluorophores for chemiluminescence and stable under peroxide
oxidative condition. Comparing to normal PDI derivatives, this type of PDI oligomers possess
many unique properties, such as extraordinarily strong absorptivity and excellent charge transfer
ability, which have potential applications in the field of photovoltaic and organic electronics.[72,73]
Furthermore, perylene oligomers as suitable molecular building blocks for self-assembly enables
the design and synthesis of new materials with tailored structure and function.
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Figure 1.16. Structure of PDI oligomers
To date, the linearly linked PDI oligomers’ synthesis strategy was only reported by the group of
Langhals in 1998.[72] After that, researchers applied the strategy to prepare novel substituted
similar structure PDI oligomers with excellent optical and electronical performance.[74] Synthesis
procedure of perylene oligomers is outlined below in Scheme 1.16. Perylene oligomers were
synthesized from monomer to trimer.
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Scheme 1.16. Synthesis of bi- and trichromophoric perylene dyes.[72]
In a linear PDI oligomer, two or more identical chromophores interact directly, due to the
shortest possible connections. A pronounced effect in absorptivity enhancement has been
observed in PDI dimer and trimer. UV-vis absorption spectra of perylene oligomers in Figure
1.17 demonstrated that the absorption maxima shifts bathochromically as the length of the
oligomer increases. The extinction coefficients of strongest absorption band of the dimer/trimer
is more than twice/three times of that of the corresponding monomer. This means that the
absorptivity per perylene unit increases as the growth of the linear perylene oligomers.
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Figure 1.17. UV-vis absorption spectra of perylene oligomers from Langhals[72]
Exceptionally high absorptivity of perylene oligomers, coupled to their high electron-deficiency,
makes them excellent electron acceptors in an organic photovoltaic cell. For instance, Wang et al.
reported the power conversion efficiency (PCE) of PTB7-Th: PDI trimer based organic
photovoltaic cells reached as high as 7.25%.[75]
Since the molar absorptivity per perylene unit increases steadily from monomer to trimer, it is
possible that even longer oligomers may possess even greater molar absorptivity per perylene
unit, making them potentially even better electron acceptor in an organic photovoltaic cell.
Though discovered excellent optical performance of perylene oligomers, Langhal’s team stalled
in the trimer. As we see the Scheme 1.16, the monomer PIA was prepared from the monomer
PDI via the saponification reaction of KOH and t-butanol. And dimer PDI was prepared from the
monomer PIA and hydrazine. According to this process, a tetramer can only be obtained through
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a dimer PIA with hydrazine. If the same saponification reaction applies to the dimer PDI, the
KOH will cleave the middle imide-imide bond instead of the end imide ring. Since the two
imides are both powerful electron withdrawing group, which can activate each other to become
more reactive toward nucleophile. Therefore, a dimer PIA can never be prepared through this
way and the oligomer synthesis stop by trimer perylene.
In this thesis, an improved synthesis method for the preparation of dimer PIA will be discussed.
The synthesis and characterization of perylene diimide oligomers from monomer to pentamer
will also be introduced.
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Chapter 2: Dimer Perylene Monoimide Monoanhydride: A
Versatile Intermediate for the Synthesis of Perylene Diimide
Oligomers

2.1 Introduction

Perylene diimides (PDIs) are important photo- and electro-active building blocks in
supramolecular dye chemistry.[1,2] They are generally strong colorants with an absorptivity ~
8×104 Lmol-1cm-1 at max. Very interestingly, an absorptivity enhancement has been observed for
those PDI units in an oligomer where they were connected linearly and directly at their imide
nitrogen by a N-N bond.[3] As the molar absorptivity of PDI units increases in the order of
monomer<dimer<trimer, it is of natural interest to explore the absorption properties of even
longer oligomers as even greater molar absorptivity of PDI units may result. Besides being
intensive dyes, PDI dimers and trimers can also serve as promising molecular wires for rapid
charge migration. It has been shown that an electron can hop between two adjacent PDI units at a
rate that exceeds 107 s-1.[4-6] Longer PDI oligomers will enable fast charge migration over a
longer distance. However, trimers are the longest PDI oligomers reported so far, likely limited by
their synthesis.
The current synthesis method of PDI oligomers was first established in 1998 by Langhals et al.
The key intermediate in this method, as shown in Scheme 2.1, is a perylene monoimide
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monoanhydride (PIA) 2. The PIA can either condense with a molar equivalent of hydrazine,
forming the amino-functionalized PDI 3 or can directly converted into the corresponding PDI
dimer 5 by reacting with a half molar equivalent of hydrazine. The reaction of two molar
equivalents of the amino-functionalized PDI 3 with PDA yields the trimer 6. If one would like to
prepare a PDI oligomer longer than trimer, the corresponding dimer monoanhydride (2PIA 7) is
needed (as shown in Figure 2.1).

Scheme 2.1. Synthesis of bi- and trichromophoric perylene dyes.[3]
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Figure 2.1. The structure of perylene dimer monoimide monoanhydride (2PIA 7)
The problem arose when an attempt was made to prepare a 2PIA using the traditional
saponification reaction in tert-butanol from its corresponding PDI dimer (2PDI 5), although the
same method worked well on the preparation of PIA 2. The failure of the saponification reaction
of the 2PDI is due to the different stability of an internal imide bond and a terminal imide bond
of a 2PDI, as shown in Figure 2.2. As an imide group is a fairly powerful electron-withdrawing
group, an internal imide carbonyl is destabilized by the inductive effect from the neighboring
electron-withdrawing imide substantially more than a terminal imide carbonyl. As the result, an
internal imide carbonyl is more reactive than its terminal counterpart. If a 2PDI is subjected to a
saponification reaction, an internal imide carbonyl will be attacked by nucleophiles faster,
eventually leading to the cleavage of the imide group. Consequently, such a saponification
reaction (after acidification) produces a monomer PIA instead of the desired 2PIA 7. Therefore,
PDI oligomers with more than three PDI units cannot be made by this existing method.

Figure 2.2. PDI dimer (2PDI 5) with internal and terminal imide bonds
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In this chapter, a facile synthesis of 2PIA 7 is reported, along with the preparation of PDI
oligomers longer than trimer.

2.2 Results and discussion

2.2.1 Synthesis and characterization of 2PIA 7a
The synthesis of 2PIA 7 was on the basis of the recently designed acid-catalyzed perylene
dialkylester to perylene anhydride conversion. The detailed synthetic route for 2PIA 7a was
shown in Scheme 2.2. PEA 8 acted as the starting compound for amino-functionalized PEI 10
and PIA 11 through condensation and acid-catalyzed hydrolysis reaction. A primary amine with
two heptadecyl alkyl chains was selected as the imide substituent for its ability to enhance
solubility. Acetic acid was added into the hydrazine condensation reaction to improve the
reaction selectivity. Then a PEI dimer (2PEI) 12 was prepared from 11 and the aminofunctionalized PEI 10. It was found that 1,2-dichlorobenzene with a high concentration (1.5 M)
of imidazole is the best solvent/catalyst system for such a reaction (and generally for the
preparation of a PDI oligomer). The crucial reaction is the conversion of 2PEI 12 to 2PIA 7a,
which is the key intermediate toward PDI oligomers longer than trimer. Similar to the monomer
PEI to PIA conversion, an acid-catalyzed hydrolysis-cyclization was applied here. The only
difference is that p-dodecylbenzenesulfonic acid (instead of p-toluenesulfonic acid) was used as
the acid hydrolysis as the former showed better catalytic activity in the reaction. The reaction
successfully yielded the 2PIA 7a from the corresponding 2PEI 12 at a very high yield (90%).
The FT-IR spectrum shown in Figure 2.3 was used to verify the structure of 2PIA 7a. The
internal imide carbonyl stretching vibration absorbs at 1714 cm-1and 1735 cm-1 (blue), which
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were at higher frequencies than corresponding terminal imide peaks (1657 cm-1, 1697 cm-1
(green)). The anhydride carbonyl can be found on 1772 cm-1 (red).
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Scheme 2.2. Detailed synthetic route of 2PIA 7a
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C17H35
C17H35

Figure 2.3. The FT-IR spectrum of 2PIA 7a: terminal imide signal peaks appear at 1657 cm-1
and 1697 cm-1; internal imide signal peaks appear at 1714 cm-1and 1735 cm-1; anhydride signal
peaks appear at 1772 cm-1

2.2.2 Synthesis of PDI oligomers
The general synthetic route from PDI monomer to PDI pentamer (5PDI) is shown in Scheme 2.3.
PDI tetramer (4PDI) 14 was obtained by condensation of 2PIA 7a and amino-functionalized
dimer PDI (2PDI) 13, which was the condensation product of 2PIA 7a and hydrazine. The
condensation of two molar equivalent of amino-functionalized 2PDI 13 with one molar
equivalent of PDA yields the 5PDI 15. For the sake of comparison, the PDI dimer (2PDI) 5a and
trimer (3PDI) 6a were synthesized using Langhals’ approach. In addition, PDI monomer 17 was
prepared from PDA through traditional condensation reaction.
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Scheme 2.3. Synthetic route of perylene oligomers from monomer to pentamer
As the length of PDI oligomer increases, the aggregation tendency increases while the solubility
decreases rapidly. Even with a swallow-tail type alkyl group with two long heptadecyl chains, a
very strong tendency to aggregate is observed for 2PIA 7a, 4PDI 14 and 5PDI 15, even in
chloroform, one of the best organic solvents for PDI oligomers. This tendency results in a low
isolated yield of oligomers due to less efficient column chromatography separation (Table 2.1).
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2.2.3 Characterization of PDI oligomers
NMR was used to confirm the oligomers’ structures. However, the line broadening arising from
aggregation brought difficulties when quantitatively analyzing the NMR spectra. Protonation of
the carbonyl groups was an efficient method to solve this issue and trifluoroacetic acid (TFA)
was selected as the suitable acid.[7,8] It was found that satisfactory 1H NMR spectra can be
obtained in 40% TFA in deuterated chloroform. The 1H NMR spectra of 2PIA 7a and 4PDI 14
are presented in Figure 2.4a. As one can expect from their respective chemical structures, the
two spectra are essentially the same, on both the chemical shift values and signal integration
values. While the 1H NMR spectra are in agreement with the structures, they cannot be used to
differentiate the two compounds. As 4PDI 14 is about twice the size of 2PIA 7a, two gel
permeation chromatography (GPC) chromatograms can be used to distinguished compound 7a
and 14 because 14 was prepared via condensation of 7a and 13 (Scheme 2.3). Due to the obvious
hydrodynamic volume difference, 14 showed much higher molecular weight (23,787 g/mol) than
7a (1,174 g/mol) in Figure 2.4b GPC result. In addition, FT-IR also can distinguish compound
2PIA 7a and 4PDI 14. The anhydride peak in Figure 2.3 disappeared in Figure 2.4c, which
confirmed 14’s PDI nature.
(a)
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(b)

(c)

Figure 2.4. (a) 1H NMR spectra of 7a and 14. (b) GPC of 7a and 14: molecular weights and
distribution data is specified in the table. (c) FT-IR of 14: terminal imide signal peaks appear at
1660 cm-1 and 1701 cm-1; internal imide signal peaks appear at 1716 cm-1and 1737 cm-1
Figure 2.5 shows the 1H NMR of the 5PDI 15. The chemical shift values and signal integration
values of the spectrum are in full agreement with the structure. Therefore, we successfully
prepared PDI tetramer 14 and pentamer 15 for the first time.
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Figure 2. 5. 1H NMR spectra of 15

2.2.4 Absorption properties of PDI oligomers
The absorption properties of PDIs are important for many potential applications. All these PDI
oligomers, just like their monomeric counter parts, are lightfast and exhibit pronounced
structured UV-vis spectra. Using the spectrum of the monomer as the example, the peaks at 541
nm, 503 nm and 471 nm can be assigned 0→0, 0→1 and 0→2 vibronic features that couple to
the -* transition.
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The oligomers demonstrate increased tendency of aggregation from the dimer to the pentamer.
For instance, aggregation of 5PDI 15 was observed in chloroform, one of its best solvents, even
at a concentration as low as 1.8×10-7 mol L-1. As shown in Figure 2.6, a shoulder at ~570 nm can
be observed on the spectrum of 5PDI 15 (green), indicating the presence of aggregated 5PDI
species. To obtain the UV-vis spectra of these PDI oligomers in their unimer states, 20%
trifluoroacetic acid (TFA) in chloroform was employed as the solvent. Since a very slow
precipitation of PDI oligomers was observed, the UV-vis spectra were collected right after the
solutions were prepared. As shown in Figure 2.7 and Table 2.1, the extinction coefficient of PDI
oligomers at 0→0 transition does increase with the molecular length. However, if the
absorptivity is measured on the basis of per mole PDI units, the trend is not monotonic, although
all oligomers exhibit a higher absorptivity than the monomer. This is different from what was
reported by Langhals’ group. On the other hand, the max of 0→0 transition progressively shifts
bathochromically from 541 nm in the monomer to 554 nm in 5PDI 15, in agreement with the
early study. Besides, the absorption peak also becomes sharper with the increasing oligomer
length, again in agreement with the early study. The chart in Figure 2.7 shows the sequential
decrease of peak half-width from PDI monomer to pentamer. A sharper absorption peak may be
useful for obtaining brilliant shades of color.
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Figure 2.6. UV-vis absorption spectra of PDI 17 (black), 2PDI 5a (red), 3PDI 6a (blue), 4PDI
14 (magenta), 5PDI 15 (green) in CHCl3 only
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Figure 2.7. UV-vis absorption spectra of PDI 17 (black), 2PDI 5a (red), 3PDI 6a (blue), 4PDI
14 (magenta), 5PDI 15 (green) in CHCl3 and 20% TFA
Table 2.1. Yields and electron spectroscopic data for PDI oligomers
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2.2.5 Electron accepting property on PDI oligomers
The ability of accepting electrons is among those important properties that make PDIs such
useful materials. Electron accepting ability of perylene monomer to pentamer was evaluated
using differential pulsed voltammetry with Fc/Fc+ as the internal reference. Table 2.2 showed
the first reduction potentials of PDI oligomers and their differential pulse voltammograms. For
the reason we don’t fully understand at this point, the electrochemical responses of 3PDI and
5PDI are much weaker than 2PDI and 4PDI. The first reductive potentials of monomer, 2PDI
and 4PDI are -0.984, -0.930 and -0.9 V vs Fc/Fc+, respectively. The more anodic first reduction
potential with the increasing oligomer length may be attributed to the accumulative effect of the
electron-withdrawing PDI units. More interestingly, the first reduction potential of 2PIA 7a is 0.818 V, sizably more anodic than 4PDI 14. The greater electron deficiency of 7a most likely
arises from the fact that the anhydride group is more electron-withdrawing than the imide group.
Encouraged by the high electron deficiency of 2PIA 7a, 3PIA 19 was designed and synthesized,
as shown in Scheme 2.4. The first reduction potential of 3PIA 19 is -0.856 V, which is
somewhat more cathodic than 2PIA 7a but more anodic than all PDI oligomers. Note that the
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first reduction potentials of 2PIA 7a, 3PIA 19 and PDI oligomers, along with the existing
monomeric perylene tetracarboxylic derivatives, cover a very wide range (more than 700 mVs)
of potentials. This makes perylene tetracarboxylic derivatives extremely appealing as the
electron acceptor in an organic photovoltaic cell, since there is a high probability to have a
perylene tetracarboxylic electron acceptor with the matching electron deficiency for any given
electron donor.
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Scheme 2.4. Synthetic route of 3PIA 19
Table 2.2. First reduction potentials of perylene oligomers vs. Fc/Fc+ and the corresponding
differential pulse voltammetry traces
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2.3 Conclusion

Herein, we successfully synthesized 2PIA 7a, the first PIA dimer, and applied it as an
intermediate for the synthesis of PDI oligomers. PDI tetramer and pentamer were obtained for
the first time. Although our strategy does not have an inherent limit on the oligomer length, we
did not explore the synthesis of PDI oligomers longer than pentamer, due to the aggregation and
solubility issues. The 4PDI 14 and 5PDI 15 are more intense dyes than monomeric PDIs, but we
did not observe a monotonic increase of absorptivity (on the per mole PDI units base) with the
increase of oligomer length. PDI oligomers are generally more electron deficient than the
monomeric PDIs. 2PIA 7a and 3PIA 19 are even more electron deficient than PDI oligomers.
Thanks to its rigid-rod nature, the length of the rigid part of a PDI oligomer can be predicted. As
the length of a PDI repeat unit is 1.27 nm, the rigid part of 3PDI 6a, 4PDI 14 and 5PDI 15 are
4.0, 5.2 and 6.5 nm long, respectively. This makes these oligomers viable candidates as the
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building blocks for precisely programmed self-assembly, in addition to the potential as intense
dyes and powerful electron acceptors.

2.4 Experimental section

2.4.1 Materials and Methods
1

H spectra were recorded on a Varian 300 MHz and 600 MHz NMR spectrometer with CDCl3

(for some perylene derivatives, CF3COOH was added to suppress aggregation) as the solvent at
room temperature (RT). For 1H NMR, The chemical shifts were reported using TMS as the
internal standard. Mass measurements were carried out in Hunter Mass Spectrometry facility.
The IR spectra were acquired on a Bruker Vertex 70V spectrometer at the resolution of 1 cm -1.
UV-vis spectra were collected on a Varian UV-vis spectrometer at the resolution of 1 nm.
Electrochemistry measurements were performed with a three-electrode setup using a Princeton
applied research M2273 potentiostat. Differential pulse voltammetry technique was employed.
The pulse height and pulse width were 25 mV and 50 ms, respectively. The scan rate was 20
mV/s. A platinum wire and a silver wire electrode were employed as the counter electrode and
the pseudo-reference electrode, respectively. The working electrode was a platinum disk with a
diameter of 0.5 mm. Before each use, the working electrode was carefully polished using 0.3 µm
aluminum oxide polishing compound and cleaned in an ultrasonic bath with acetone. Nitrogen
was bubbled through the solutions to remove oxygen, and a slight nitrogen overpressure was
maintained during each measurement. The solvent was 1,2-dichlorobenzene, and the supporting
electrolyte was tetrabutylammonium tetrafluoroborate. The potential values were reported versus
the ferrocene/ferrocenium (Fc/Fc+) couple, as recommended by IUPAC. Gel Permeation
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Chromatography analysis was carried out on an Alliance GPCV 2000 (Waters) instrument
equipped with four Waters Styragel HR columns, i.e. HR-1, HR-3, HR-4, HR-5E. Measurements
are relative to a calibration with polystyrene standards. HPLC grade THF was used as the eluent,
at a flow rate of 1.0 mL/min at 30 °C.

2.4.2 Synthesis and Characterization
All reagents and chemicals were purchased from commercial vendors and used as received
unless otherwise noted.
perylene-3,4-anhydride-9,10-di-(decyloxycarbonyl) was synthesized according to a literature
protocol.[9]
Perylene-3,4-anhydride-9,10-di-(2-ethylhexyloxycarbonyl) 8
1.8 g (4.6 mmol) 3,4,9,10-perylenetetracarboxylic dianhydride (PDA), 8.8 g (18.7 mmol)
tetrabutylammonium hydroxide 55 wt% Solution in H2O and 10 ml THF were added into a 50 ml
round-bottomed flask and stirred at room temperature for 0.5 hour until PDA is totally dissolved.
The solution was dried under a stream of nitrogen at 60 °C. Then 20 ml DMSO was added in as
the new solvent and 5.4 g (26.6 mmol) 2-ethylhexyl bromide 95% was added in the solution. The
mixture was stirred in room temperature and sealed after purging by nitrogen for 10 min.
Subsequently, the yellow product came out. After 5 days, product was precipitated by water and
solid was collected by suction filtration. Pure product was obtained by column chromatography
with 50/1(v/v) CHCl3/methanol. Yield 3,4,9,10-tetra(2-ethylhexylcarbonyl)perylene 2.581 g
(67%) as a bright orange solid.
In the second step, a 25 mL round-bottomed flask was charged with 2.581 g (2.94 mmol)
3,4,9,10-tetra(2-ethylhexylcarbonyl)perylene and 10 ml octane before being heated to 110 °C.
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After the yellow powder was all dissolved, 2 g (6.1 mmol) p-toluenesulfonic acid monohydrate
(TsOH·H2O) was added to the solution and the solution was stirred at 110 °C for 5 hrs. Then the
red solid was collected directly by suction filtration and washed by methanol. Product was
obtained by drying in vacuum oven at 80 °C for 2 hrs. Yield 8 1.86 g (100%) as a red solid.
N-amino-perylene-3,4-dicarboximide-9,10-di-(2-ethylhexyloxycarbonyl) 10
A 25 mL round-bottomed flask was charged with 1 g (1.6 mmol) 8, 5 ml NMP and 2 g (6.3
mmol) dodecylbenzenesulfonic acid. Then the mixture was stirred in RT while purging nitrogen
all the time. 0.45 g (9 mmol) hydrazine added in the reaction by 4 batches. After 5 days, crude
product was precipitated by water and collected by vacuum filtration. Then the solid was
dissolved by THF and water was added in drop-wise to precipitate the product and repeated for
twice. The product was collected by suction filtration and was dried in vacuum oven at 80 °C
overnight. Yield 10 0.851 g (84%) as a dark red solid.
N-(1-heptadecyloctadecyl)-perylene-3,4-dicarboximide-9,10-di-(2-ethylhexyloxycarbonyl) 9
O
C17H35

C17H35

C9H19COONH4

NaBH3CN

NH2

THF
C17H35

C17H35

Scheme S2.1. Preparation of 1-heptadecyloctadecylamine
A 250 mL round-bottomed flask was charged with 2.761 g (5.40 mmol) 18-Pentatriacontanone
and 7.168 g (37.90 mmol) ammonium decanoate. The mixture was stirred in 110 ml THF in RT.
After 5 min, 642 mg (10.22 mmol) sodium cyanoborohydride and 5 ml absolute methanol was
added. The reaction was finished in 15 days. Then 6.5 g (66.3 mmol) sulfuric acid was added and
solution was dried under a stream of nitrogen at RT. Then 100 ml DI water was added in and
product was obtained by filtration. Product was extracted by chloroform from 10% potassium
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carbonate solution for 2 times. And 11.8 g magnesium sulfate was added to chloroform solution
and stirred for 20 min. The chloroform solution was collected by suction filtration and dried in
RT. The collected solid was further dried in vacuum oven on 75 ºC overnight. Yield 1heptadecyloctadecylamine 2.760 g (99.7%) as a white solid.
A 150 mL round-bottomed flask was charged with 0.5 g (0.79 mmol) 8 and 4.8 g imidazole. The
mixture was stirred on 110 °C. 400 mg (0.79 mmol) 1-heptadecyloctadecylamine was added by
two batches. Water added in after 6 hrs and 10 g phosphoric acid added in to neutralize the
excess imidazole. The solution was stirred for 30 min and solid collected by suction filtration.
Pure product was obtained by column chromatography with 50/1(v/v) CHCl3/methanol. Red
solid was dried in vacuum oven on 75 ºC overnight. Yield 9 0.6 g (68%) as a red solid.
N-(1-heptadecyloctadecyl)-perylene-3,4-dicarboximide-9,10-anhydride 11
A 25 mL round-bottomed flask was charged with 1.141 g (1.02 mmol) 9 and 6 ml toluene before
being heated to 100 °C. After the solid was all dissolved, 0.58 g (3.05 mmol) TsOH·H2O was
added to the solution and the solution was stirred at 100 °C for 2 hrs. Then the red solid was
precipitated by adding methanol and collected by suction filtration. Product was obtained by
drying in vacuum oven at 75 °C overnight. Yield 11 0.89 g (100%) as a red solid.
2PEI 12
A 25 mL round-bottomed flask was charged with 0.65 g (0.74 mmol) 11, 0.478 g (0.74 mmol) 5,
10 ml 1,2-dichlorobenzene and 1 g imidazole. Then the mixture was stirred in 130 °C for 4.5 hrs.
Then the red solid was precipitated by adding methanol and collected by suction filtration.
Product was obtained by drying in vacuum oven at 75 °C overnight. Yield 12 1.115 g (100%) as
a red solid.
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2PIA 7a
A 50 mL round-bottomed flask was charged with 1.115 g (0.74 mmol) 12 and 20 ml toluene
before being heated to 100 °C. After the solid was all dissolved, 1.42 g (4.48 mmol)
dodecylbenzenesulfonic acid was added to the solution by 3 batches in 7 hrs. Then the red solid
was precipitated by adding methanol and collected by suction filtration. Pure product was
obtained by column chromatography with 50/1(v/v) CHCl3/ethyl acetate. Red solid was dried in
vacuum oven on 75 ºC overnight. Yield 7a 0.84 g (90%) as a red solid
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 8.79 (m, 16H, Ar), 5.14 (s, H, NCH), 2.15

(m, 2H, CHCH2), 1.84 (m, 2H, CHCH2), 1.26 – 1.14 (br, 60H, CH2), 0.79 (t, J = 7.04 Hz, 6H,
CH3).
1

H NMR of 7a in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 9.91 ppm); 600 MHz
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2PDI 13
A 25 mL round-bottomed flask was charged with 0.02 g (0.016 mmol) 7a and 5 ml THF. Then
the mixture was stirred in RT and sealed after purging nitrogen for 10 min. 0.005 g (0.1 mmol)
hydrazine mixed with and 0.02 g (0.063 mmol) dodecylbenzenesulfonic acid as a stock solution
and added in the reaction by 2 batches. After 70 min, product was precipitated by water and
collected by vacuum filtration. Then the solid was washed by water several times. The product
was dried in vacuum oven at 80 °C overnight. Yield 13 0.02 g (100%) as a dark red solid.
4PDI 14
A 25 mL round-bottomed flask was charged with 0.092 g (0.072 mmol) 7a, 0.102 g (0.079 mmol)
9, 6 ml 1,2-dichlorobenzene and 0.1 g imidazole. Then the mixture was stirred in 170 °C for 5.5
hrs. Then solid was precipitated by adding methanol and collected by suction filtration. Product
was heated in vacuum oven at 140 °C for a day. Then 3.38 mg crude product was purified by a
thin column chromatography with 50/1(v/v) CHCl3/ethyl acetate. Yield 14 0.612 mg (11.2%) as
a purple red solid.
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 8.95 (m, 32H, Ar), 5.31 (s, 2H, NCH), 2.30

(m, 4H, CHCH2), 2.01 (m, 4H, CHCH2), 1.39 – 1.07 (br, 120H, CH2), 0.89 (t, J = 7.04 Hz, 12H,
CH3).
1

H NMR of 14 in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.72 ppm); 600 MHz
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5PDI 15
A 10 mL round-bottomed flask was charged with 0.008 g (0.02 mmol) PDA, 0.049 g (0.038
mmol) 13, 2 ml 1,2-dichlorobenzene and 1 g imidazole. Then the mixture was stirred in 170 °C
for 5 hrs. Then solid was precipitated by adding methanol and collected by suction filtration.
Product was heated in vacuum oven at 140 °C for a day. Then 10 mg crude product was purified
by a slim column chromatography with 50/1(v/v) CHCl3/ethyl acetate. Yield 15 2.1 mg (21%) as
a purple red solid.
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 9.00 (m, 40H, Ar), 5.32 (s, 2H, NCH), 2.30

(m, 4H, CHCH2), 2.01 (m, 4H, CHCH2), 1.39 – 1.07 (br, 120H, CH2), 0.90 (t, J = 7.04 Hz, 12H,
CH3).
1

H NMR of 15 in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.72 ppm); 600 MHz
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N-(amino)-N-(1-heptadecyloctadecyl)-3,4,9,10-perylenebis(dicarboximide) 16
A 10 mL round-bottomed flask was charged with 0.04 g (0.045 mmol) 11 and 5 ml THF. Then
the mixture was stirred in RT and sealed after purging nitrogen for 10 min. 0.009 g (0.18 mmol)
hydrazine mixed with and 0.014 g (0.044 mmol) dodecylbenzenesulfonic acid as a stock solution
and added in the reaction. After 1 min, product was precipitated by water and collected by
vacuum filtration. Then the solid was soaked in water for several times. The product was dried in
vacuum oven at 80 °C overnight. Yield 16 0.04 g (98%) as a dark red solid.
3PDI 6a
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A 10 mL round-bottomed flask was charged with 0.02 g (0.051 mmol) PDA, 0.091 g (0.102
mmol) 16, 3 ml 1,2-dichlorobenzene and 1 g imidazole. Then the mixture was stirred in 160 °C
for 9 hrs. Then solid was precipitated by adding methanol and collected by suction filtration.
Product was heated in vacuum oven at 140 °C for a day. Then 10 mg crude product was purified
by a thin column chromatography with 50/1(v/v) CHCl3/ethyl acetate. Yield 6a 1.7 mg (13%) as
a purple red solid.
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 8.86 (m, 24H, Ar), 5.27 (s, 2H, NCH), 2.27

(m, 4H, CHCH2), 1.97 (m, 4H, CHCH2), 1.35 – 1.25 (br, 120H, CH2), 0.88 (t, J = 7.04 Hz, 12H,
CH3).
1

H NMR of 6a in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.42 ppm); 600 MHz
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A 10 mL round-bottomed flask was charged with 0.04 g (0.045 mmol) 16, 0.039 g (0.044 mmol)
11, 2 ml 1,2-dichlorobenzene and 0.5 g imidazole. Then the mixture was stirred in 150 °C for 3
hrs. Then solid was precipitated by adding methanol and collected by suction filtration. Then
crude product was purified by column chromatography with 50/1(v/v) CHCl3/ethyl acetate. Yield
5a 0.03 mg (39%) as a red solid.
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 8.87 (m, 16H, Ar), 5.26 (s, 2H, NCH), 2.26

(m, 4H, CHCH2), 1.96 (m, 4H, CHCH2), 1.35 – 1.24 (br, 120H, CH2), 0.87 (t, J = 7.04 Hz, 12H,
CH3).
1

H NMR of 5a in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.65 ppm); 600 MHz
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N-(1-heptadecyloctadecyl)-3,4,9,10-perylenebis(dicarboximide) 17
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A 10 mL round-bottomed flask was charged with 0.038 g (0.097 mmol) PDA, 107 mg (0.211
mmol) 1-heptadecyloctadecylamine, 2 ml 1,2-dichlorobenzene and 0.5 g imidazole. The mixture
was stirred on 140 °C. Methanol added in after 5 hrs and solid collected by suction filtration.
Solid dissolved in chloroform and filtrated again to remove PDA. Pure product was obtained by
column chromatography with 50/1(v/v) CHCl3/methanol. Red solid was dried in vacuum oven
on 75 ºC overnight. Yield 17 0.044 g (33%) as a red solid.
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 8.64 (m, 16H, Ar), 5.18 (s, 2H, NCH), 2.24

(m, 4H, CHCH2), 1.86 (m, 4H, CHCH2), 1.25 – 1.93 (br, 120H, CH2), 0.86 (t, J = 7.04 Hz, 12H,
CH3).
1

H NMR of 17 in CDCl3 ( = 7.26 ppm); 600 MHz
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3PIA 19
A 10 mL round-bottomed flask was charged with 0.031 g (0.024 mmol) 7a, 0.016 g (0.025 mmol)
10, 2 ml 1,2-dichlorobenzene and 0.5 g imidazole. Then the mixture was stirred in 150 °C for 3
hrs. Then the red solid was precipitated by adding methanol and collected by suction filtration.
Product was obtained by drying in vacuum oven at 75 °C overnight. Yield 3PEI 18 0.036 g (78%)
as a red solid.
A 10 mL round-bottomed flask was charged with 0.036 g (0.019 mmol) 18 and 2 ml toluene
before being heated to 110 °C. After the solid was all dissolved, 0.07 g (0.22 mmol)
dodecylbenzenesulfonic acid was added to the solution by 3 batches in 4 hrs. Then the red solid
was precipitated by adding methanol and collected by suction filtration. Then 8 mg crude
product was purified by a thin column chromatography with 50/1(v/v) CHCl3/ethyl acetate.
Yield 19 0.0008 g (10%) as a purple red solid.
1

H NMR (CDCl3, CF3COOH, 600 MHz): δ (ppm) = 8.95 (m, 24H, Ar), 5.27 (s, H, NCH), 2.23

(m, 2H, CHCH2), 1.98 (m, 2H, CHCH2), 1.7 (br, 60H, CH2), 0.88 (t, J = 7.04 Hz, 6H, CH3).
1

H NMR of 19 in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 10.84 ppm); 300 MHz
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Chapter 3: A Mild Approach toward Perylene
Tetracarboxylic Monoanhydrides

3.1 Introduction

Perylene tetracarboxylic diimide (PDI) derivatives have been gaining considerable interest due to
their unique properties: chemical and photochemical stability, high electron affinity and
fluorescence quantum efficiency, and a strong tendency to form π-stacks.[1-4] A symmetrically
substituted PDI can be conveniently obtained by reacting the corresponding primary amine with
perylene tetracarboxylic dianhydride (PDA).[5] However, in many instances, unsymmetrically
substituted PDIs are preferred, such as for installment as side groups on polymers, [6,7] to gain
more fine-grained control over self-assembly[8,9] and to build complex molecular systems.[10,11]
Although unsymmetrical PDIs can be obtained by condensing PDA with two corresponding
amines simultaneously, it necessitates the use of two amines of similar reactivity, and the
isolation of the target PDI is usually difficult, resulting in low yields.[5,10] A more efficient and
versatile pathway of unsymmetrical PDI synthesis is via a perylenetetracarboxylic-3,4anhydride-9,10-imide (PIA). Using a PIA as a synthetic gateway not only enables the practical
preparation of unsymmetrical PDIs with vastly different imide substituents, but also facilitates
the synthesis if the target is a perylene diester monoimide (PEI),[5,12] making it the preferred
method toward un-symmetrically substituted perylenes. Counterintuitively, PIAs are not
accessible by reacting a primary amine with excess PDA, likely due to the insolubility of PDA in
all common organic solvents.[5] To prepare PIAs, a number of synthesis methods have been
developed, including reacting a large excess of primary amine with PDA[13] or perylene
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tetracarboxylic monoanhydride monopotassium salt 20 in an aqueous environment[14],
condensing 20 with two molar equivalents of α-amino carboxylates in molten imidazole,[8] partial
acid-catalyzed[15] or basic[5,16-18] hydrolysis of symmetric PDIs and acid-catalyzed hydrolysis of
PEIs.[19] However, none of them are suitable for the synthesis of PIAs containing many common,
synthetically useful but relatively labile functional groups such as ester, amide and cyano groups,
severely limiting the application of PIAs. What is reported in this chapter is a mild synthesis
method that allows the installation of a wide-range of labile groups to perylene monoanhydrides
including PIAs for the first time. Figure 3.1 shows the general structures of perylene
tetracarboxylic derivatives.
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Figure 3.1. General structures of perylene tetracarboxylic derivatives

3.2 Results and discussion

3.2.1 A test of anhydride formation
The enabling step in the perylene anhydride synthesis is a mild anhydride formation step that is
compatible with many labile functional groups. A Pd(0)-catalyzed cleavage of allyl esters was
selected as it can proceed to completion cleanly and selectively under very mild conditions and
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over a wide range of pH values.[20-22] Scheme 3.1 shows a possible mild pathway to convert a
perylene diallyl ester to its anhydride form via Pd(0)-catalyzed cleavage.
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21
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O

O
H+

O

O

O

O

O
O

22

O

Scheme 3.1. Pd (0)-catalyzed deallylation-cyclization of a perylene diallyl ester
Under a basic condition, either 21 or 22 is anticipated, depending on the degree of deallylation.
However, in an acidic environment, both 21 and 22, in their respective acid forms, would
undergo an intramolecular cyclization into the corresponding anhydride.[23] Therefore, a weakly
acidic environment is preferred in this mild tandem deallylation-cyclization reaction to promote
anhydride formation while keeping a broad range of functional groups intact. This stipulation
calls for a nucleophile that is weakly basic but highly nucleophilic.
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Scheme 3.2. Pd (0)-catalyzed deallylation-cyclization of PTE 23
Scheme 3.2 illustrates a test reaction employing such a nucleophile: sodium p-toluenesulfinite.[21]
In a weakly acidic medium established by acetic acid, the suitability of the tandem conversion of
a perylene allyl ester to its anhydride counterpart is evaluated. As shown in Experimental Section,
perylene tetraester (PTE) 23 was prepared from PDA at a yield of 98%. The soluble PTE 23 was
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transformed into insoluble PDA immediately at room temperature (RT), which suggests that the
reaction is suitable as the crucial mild anhydride formation step in perylene anhydride
preparation.

3.2.2 Synthesis of PIAs with labile substituents
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Scheme 3.3. The general functional group-tolerant PIA preparation route
Scheme 3.3 depicts the new PIA preparation route featuring the mild deallylation-cyclization
reaction. Perylene diester monoanhydride (PEA) 24 was obtained via a tandem acid-catalyzed
hydrolysis-cyclization of PTE 23 in toluene at a yield of 84%, as described in Experimental
Section.
3.2.2.1 Synthesis of PEIs
It is worth noting that PEA 24 is appreciably soluble in common organic solvents whereas PDA
is completely insoluble. As a result, the anhydride group of 24 may react with a primary amine
under a milder condition than PDA. Typically PDA reacts with an amine in molten imidazole
above 120 °C or in quinoline at an even higher temperature. In contrast, in an NMP solution, 24
was consumed by 1.1 molar equivalents of cyclohexylamine, a typical alkyl primary amine, in 15
minutes at RT. The same process takes much longer and can often be several days when a less
reactive amine such as L-t-leucine or aniline is used. However, the aforementioned amines can
fully consume 24 within 1 hour at RT in an 11 M imidazole NMP solution. TLC tests suggested
that the reaction converted the vast majority of 24 to its corresponding amic acid form. The
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desired imide form can be obtained with ease by heating the reaction mixture to 110 °C for ~2
hours. Such a distinctively mild amidation is important for a perylene anhydride group to be
highly selectively functionalized in the presence of other less reactive electrophiles, with an ester
group as the most common example. The possible selectivity issue during the thermal
imidization is far less of a concern: the imidization is highly competitive due to the formation of
a stable six-membered imide ring and the amine is mostly reacted when ~1 molar equivalent is
used. In fact, when 24 condenses with a primary amine in molten imidazole, the corresponding
PDI forms in a significant amount, often being the major product. On the other hand, a RT
amidation followed by a thermal imidization produces the desired PEI as the only major product.
3.2.2.2 Synthesis of PIAs through PEIs
O
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O
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Scheme 3.4. The anhydride formation step of PIAs containing labile groups
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Armed with the mild and selective amidation-imidization and deallylation-cyclization reactions,
we explored the preparation of PIAs with sensitive functional groups. To assess the functional
group tolerance of the new approach, a synthesis of PIA 25a, which bears a synthetically
valuable ester group, was first planned and is depicted in Scheme 3.4.
1)

L-t-leucine
(1.1 mol. equiv.)
11 M imidazole/NMP
RT, 1 hr

24 2) 110 °C 1.5 hrs

O

N
O
O

O

O

O

26

O O

1) NBu4OH
OH 2) C12H25Br
NBu4I

O

O
N
O

OC12H25
O

27a

O O

Scheme 3.5. Preparation of PEI 27a
Scheme 3.5 shows the preparation of the corresponding PEI precursor 27a. PEA 24 was first
converted into PEI 26 via one-pot RT amidation-thermal imidization using 1.1 molar equivalents
of L-t-leucine. Despite the amine’s large steric hindrance, a yield of 79% was observed. This
conversion effectively capped the amino group of L-t-leucine, isolating its carboxyl group for the
subsequent alkylation reaction that afforded PEI 27a. In the deallylation step, PEI 27a was fully
consumed within 2 hours at RT, as confirmed by TLC tests. The anhydride formation did not
complete even after sixteen hours at RT; however, raising the temperature to 60 °C drove the
intramolecular cyclization to com-pletion after ~3 hours. The excellent isolated yield of 92% of
PIA 25a, the first PIA bearing an ester group, underlines the effectiveness of this new PIA
preparation approach in accommodating ester groups and establishes RT deallylation followed
by 60 °C cyclization as our protocol for the anhydride formation step.
To further explore the versatility of the new method, the synthesis of PIA 25b, with ester, ether
and cyano groups on the imide side, was also attempted. Cyanobiphenyl is well-known for its
ability to induce smectic[24] and nematic[25] mesophases, while perylene derivatives are often
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associated with a discotic columnar mesophase.[4] In the future, it would be interesting to
investigate the phase behavior of a compound containing both mesogens and PIA 25b could
potentially serve as an important intermediate. The preparation of the corresponding PEI 27b is
described in Experimental Section. Near quantitative conversion (99% yield) from PEI 27b to
PIA 25b clearly suggests that the mild deallylation-cyclization procedure is fully compatible
with ester, ether and cyano groups.
t-Butyloxycarbonyl (Boc) and t-butyl esters are widely used protection groups that are even more
fragile in an acidic medium than a conventional alkyl ester, which may explain the lack of
success in installing them onto PIAs. Such a success is expected to facilitate the incorporation of
unsymmetrical perylenes into compounds that require the use of one of these protection groups,
and now, access to Boc and/or t-butyl ester-containing PIAs may finally become viable through
our mild PIA preparation protocol. To test the hypothesis, PIA 25c was designed and features
both Boc and t-butyl ester, among other functional groups. The preparation of the PEI precursor
27c is presented in Experiment Section. Gratifyingly, 27c was converted to PIA 25c, the first
PIA that bears either a Boc or t-butyl ester group, at an excellent yield of 93%. This high yield
conversion confirms that both Boc and t-butyl ester groups remain intact during the
transformation and that this protocol is suitable for the preparation of PIAs containing these
groups.

3.2.3 Synthesis of PEAs with labile substituents
Because the mild deallylation-cyclization transforms a perylene allyl ester to perylene anhydride,
we envisioned that this mild procedure could also be employed in the preparation of PEAs with
labile ester substituents. PEAs, originally designed as versatile intermediates for unsymmetrical
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perylenes, can also self-assemble into a novel bundled-stack discotic liquid crystalline phase
with a promising charge transport performance.[26] Having access to PEAs with a wide range of
ester substituents, including labile ones, would enable the tuning of the bundled-stack discotic
liquid crystalline phase, potentially improving the charge transport performance of PEAs even
further. The finest tuning is expected with the installation of mixed ester substituents through our
protocol, which is depicted in Scheme 3.6.
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Scheme 3.6. Synthesis of mixed PEA 29
The mixed PTE 28 was prepared from PEA 24 using a two-step one-pot method at an overall
yield of 73%. The deallylation-cyclization of 28 afforded the target PEA 29 at a yield of 78%.
Although the anhydride formation yield of 29 is lower than other monoanhydrides, the cleavage
of the highly acid-labile p-methoxybenzyl ester[27] was not detected.[28] Therefore, the successful
preparation of 29 not only demonstrated that this approach can be applied to synthesize PEAs
with mixed ester substituents, but also confirmed that the highly acid-labile p-methoxybenzyl
ester group can survive the mild Pd (0)-catalyzed anhydride formation step.

3.3 Conclusion

In conclusion, we have designed a synthesis of PIAs that allows for a wider range of viable
functional groups, and were able to produce the starting material PEA 24 from PDA in two high86

yield steps. The synthetic route features two mild transformations: a selective imidization of
anhydride that only requires one molar equivalent of amine; and the Pd (0)-catalyzed
deallylation-cyclization as the final anhydride formation step. The mild imidization allows the
anhydride group to be highly selectively imidized in the presence of allyl ester groups. The
anhydride formation step is compatible with ether, cyano, alkyl ester, t-butyl/Boc and pmethoxybenzyl ester groups, as demonstrated by good-to-excellent synthetic yields. These two
mild transformations enabled, for the first time, the preparation of a series of PIAs bearing labile
groups. We were able to successfully apply the same starting material and mild anhydride
formation reaction to synthesize a PEA of mixed ester substituents, even including the highly
acid-labile p-methoxybenzyl ester. The utility of the presented methodology is expected to
substantially broaden the scope of unsymmetrically substituted perylene tetracarboxylic
derivatives.

3.4 Experimental section

3.4.1 Materials and Methods
1

H and

13

C NMR spectra were recorded on a Varian 300 MHz NMR spectrometer with CDCl3

(for some perylene monoanhydrides, CF3COOH was added to suppress aggregation) as the
solvent at room temperature (RT). For 1H NMR, The chemical shifts were reported using TMS
as the internal standard. For 13C NMR, the chemical shifts were reported using the CDCl3 signal
( = 77.16 ppm) as the reference. Mass measurements were carried out in Hunter Mass
Spectrometry facility. The IR spectra were acquired on a Bruker Vertex 70V spectrometer at the
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resolution of 1 cm-1. UV-vis spectra were collected on a Varian UV-vis spectrometer at the
resolution of 1 nm.

3.4.2 Synthesis and Characterization
All reagents and chemicals were purchased from commercial vendors and used as received
unless otherwise noted. 3,4,9,10-Perylenetetracarboxylic dianhydride (98%), sodium ptoluenesulfinate, dodecylbenzenesulfonic acid and 4-cyano-4'hydroxybiphenyl were purchased
from TCI America. Ethyl acetate and tetrabutylammonium hydroxide 55 wt% solution in H2O
were purchased from Beantown Chemical. Allyl bromide, tetrakis(triphenylphosphine)palladium (0), triphenylphosphine, 1-bromododecane, tetra-n-butylammonium iodide, DMF,
THF, dichloromethane, potassium carbonate, 18-crown-6, 1,4-dibromobutane, 1-hexadecanol,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 4-methoxybenzyl chloride, 1,12-dibromododecane
were purchased from Alfa Aesar. Cyclohexylamine, L-t-leucine and tetrabutylammonium
hydroxide 40 wt% solution in methanol were purchased from Acros Organics. Aniline, DMSO
and phosphoric acid (85+%) were purchased from Sigma Aldrich. L-Valine was purchased from
MP Biomedicals, LLC. Chloroform and methanol were purchased from VWR Analytical. NMP
was purchased from Millipore Corporation. Imidazole was purchased from Oakwood Products,
Inc. Acetic acid and acetonitrile were purchased from Fisher Chemical. CDCl3 was purchased
from Cambridge Isotope Laboratories, Inc. CF3COOH was purchased from Creosalus. Boc-Lglutamic acid 5-tert-butyl ester was purchased from Chem Impex Int’L Inc.
Synthesis of 3,4,9,10-tetra-(allyloxycarbonyl)-perylene 23
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Scheme S3.1. Preparation of PTE 23
5.00 g (12.5 mmol) 3,4:9,10-perylenetetracarboxyldianhydride (98%), 25.0 g (53 mmol)
tetrabutylammonium hydroxide 55 wt% aqueous solution and 30 ml THF were added into a 150
ml round-bottomed flask and stirred at RT until PDA is totally dissolved (~0.5 hrs). The solution
was heated to 60 °C under a stream of nitrogen until dryness. Then 100 ml DMSO was added to
dissolve the solid residue followed by adding 27.0 g (223.2 mmol) allyl bromide. The mixture
was stirred at RT and sealed after being purged with nitrogen for 10 mins. After 20 hrs, the
yellow solid product was precipitated by methanol and collected by suction filtration. Then the
solid was dissolved by CHCl3 and methanol was added to the CHCl3 solution drop-wise to
precipitate the solid again. The product was collected by suction filtration and dried in vacuum
oven at 80 °C overnight. Yield 23 7.2 g (98%) as a bright orange solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.35 (d, J = 7.61 Hz, 4H, Ar), 8.11 (d, J = 8.21 Hz, 4H,

Ar), 6.06 (m, 2H, CO2CH2CHCH2), 5.43 (d, J = 16.99 Hz, 2H, CO2CH2CHCH2), 5.32 (d, J =
10.54 Hz, 2H, CO2CH2CHCH2), 4.82 (d, J = 5.43 Hz, 4H, CO2CH2CHCH2). 13C NMR (CDCl3,
75 MHz): δ (ppm) = 168.06 (ester C=O), 132.57 (Ar), 132.02 (Ar), 130.45 (Ar), 129.72 (Ar),
128.62 (Ar), 128.34 (Ar), 121.26 (CO2CH2CHCH2), 118.96 (CO2CH2CHCH2), 66.14
(CO2CH2CHCH2). FT-IR (cm-1): 2950 (antisymmetric CH2), 2886 (symmetric CH2), 1706 (ester
C=O), 1589 (aromatic ring stretch). HRMS (M+H)+: calcd for C36H28O8 588.1784; found
588.1782. UV-vis (in CHCl3): 445 and 474 nm (max).
1

H NMR of 23 in CDCl3 ( = 7.26 ppm); 300 MHz
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C NMR of 23 in CDCl3 ( = 77.2 ppm); 75 MHz
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Deallylation-cyclization of 23 (Scheme 3.2)
0.050 g (0.085 mmol) 23, 0.043 g (0.24 mmol) sodium p-toluenesulfinate, 0.018 g (0.30 mmol)
acetic acid and 3 ml dichloromethane were mixed in a 20 ml vial. The solution was stirred for 0.5
hrs and the vial was sealed after being purged with nitrogen for 20 mins. Then the vial was
moved to a glove box and 0.014 g (0.012 mmol) tetrakis(triphenylphosphine)-palladium(0) and
0.014 g (0.053 mmol) triphenylphosphine were added into the solution. The color of the solution
turned to darker immediately. After 16 hrs, methanol was added in and the red solid was
collected by suction filtration. Then red solid was identified as PDA.
Synthesis of 9,10-di-(allyloxycarbonyl)-perylene-3,4-anhydride 24
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Scheme S3.2. Preparation of PEA 24
A 25 mL round-bottomed flask was charged with 1.109 g (1.88 mmol) 23 and 6 ml toluene
before being heated to 90 °C. Upon the complete dissolution of 23, 753 mg (2.28 mmol)
dodecylbenzenesulfonic acid was added to the solution and the solution was stirred at 90 °C for
1.5 hrs. Then the red solid was precipitated by methanol. The product was collected by suction
filtration and was dried in vacuum at 80 °C for 2 hrs. PDA was removed by dissolving the solid
in NMP at 80 °C and suction filtration to collect the filtrate. Then add H2O to the filtrate to
recollect the solid mixture of 23 and 24. Yield 24 0.776 g (84%) as a red solid. UV-Vis
measurements suggested that there is less than 5% 23 in the mixture.
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1

H NMR (CDCl3, CF3COOH, 300 MHz): δ (ppm) = 8.80 (d, J = 7.61 Hz, 2H, Ar), 8.71 (d, J =

8.20 Hz, 4H, Ar), 8.32 (d, J = 7.62 Hz, 2H, Ar), 6.09 (m, 2H, CO2CH2CHCH2), 5.54 (d, J =
17.29 Hz, 2H, CO2CH2CHCH2), 5.44 (d, J = 10.26 Hz, 2H, CO2CH2CHCH2), 4.98 (d, J = 4.98
Hz, 4H, CO2CH2CHCH2).

13

C NMR (CDCl3, CF3COOH, 75 MHz): δ (ppm) = 170.96 (ester

C=O), 163.02 (anhydride C=O), 138.14 (Ar), 135.01 (Ar), 131.70 (CO2CH2CHCH2), 130.72
(Ar), 129.16 (Ar), 126.13 (Ar), 124.57 (Ar), 123.03 (Ar), 120.63 (Ar), 116.76 (CO2CH2CHCH2),
68.77 (CO2CH2CHCH2). FT-IR (cm-1): 2948 (antisymmetric CH2), 2881 (symmetric CH2), 1760
(anhydride C=O), 1708 (ester C=O), 1590 (aromatic ring stretch). HRMS (M+H)+: calcd for
C30H18O7 490.1053; found 490.1041. UV-vis (in CHCl3): 476 and 506 nm (max).

O

O

O

O

O

O

H NMR of 24 in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.82 ppm); 300 MHz

O

1
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13

C NMR of 24 in CDCl3 ( = 77.2 ppm) and CF3COOH ( = 162.9 ppm, 162.3 ppm, 161.7 ppm,

O

O

O

O

O

O

O

161.1 ppm, 113.0 ppm, 109.2 ppm); 75 MHz

Imidization of 24 with amines
1. Cyclohexylamine as the amine source without imidazole:
A 20 ml vial was charged with 0.058 g (0.12 mmol) 24, 13 mg (0.13 mmol) cyclohexylamine
and 2 ml NMP. 24 disappeared after 15 mins stirring, as suggested by the TLC test.
2. L-t-leucine as the amine source without imidazole:
A 20 ml vial was charged with 0.03 g (0.06 mmol) 24, 9 mg (0.07 mmol) L-t-leucine and 2 ml
NMP. After 2 weeks stirring, there was ~30% unreacted 24, as suggested by TLC tests.
3. Aniline as the amine source without imidazole:
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A 20 ml vial was charged with 0.03 g (0.06 mmol) 24, 6 mg (0.06 mmol) aniline and 2 ml NMP.
After 2 weeks stirring, there was ~70% unreacted 24, as suggested by TLC tests.
4. L-t-leucine as the amine source with imidazole:
A 20 ml vial was charged with 0.05 g (0.10 mmol) 24, 2 ml NMP and 1.5 g imidazole. The
mixture was stirred two days before adding 15 mg (0.11 mmol) L-t-leucine. 24 disappeared after
1 hr, as suggested by TLC tests.
5. Aniline as the amine source with imidazole:
A 20 ml vial was charged with 0.05 g (0.10 mmol) 24, 2 ml NMP and 1.5 g imidazole. The
mixture was stirred overnight before adding 10 mg (0.11 mmol) aniline. 24 disappeared after 1
hr. Then the solution was heated to 110 ºC for 2 hr. The corresponding PEI appeared as a red
spot on a TLC plate.
Synthesis of 9,10-di-(allyloxycarbonyl)-N-(1-carboxy-2,2-dimethylpropyl)-perylene-3,4dicarboximide 26 (Scheme 3.5)
O

O

O
N
O

OH
O

26

O O

A 150 mL round-bottomed flask was charged with 0.500 g (1.02 mmol) 24, 30 ml NMP and 23 g
imidazole. The mixture was stirred overnight before adding 140 mg (1.06 mmol) L-t-leucine. 24
disappeared after 1 hr. Then the solution was heated to 110 ºC for 1.5 hrs and cooled down in ice
bath before 100ml 5 M H3PO4 was added in. The solution was stirred in ice bath for 1 hr and
solid collected by suction filtration. Red solid was dried in vacuum oven on 75 ºC overnight.
Yield 26 0.486 g (79%) as a bright red solid.
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1

H NMR (300 MHz, CDCl3, CF3COOH, δ): 8.71 (m, 6H), 8.27 (d, J = 7.50 Hz, 2H), 6.05 (m,

2H), 5.75 (s, H), 5.43 (m, 4H), 4.92 (d, J = 5.40 Hz, 4H), 1.25 (br, 9H).

13

C NMR (75 MHz,

CDCl3, CF3COOH, δ): 175.6, 170.6, 165.3, 136.9, 133.6, 133.2, 132.5, 131.4, 130.6, 130.2,
129.1, 128.9, 125.7, 123.8, 122.6, 120.3, 120.1. 119.9, 116.1, 68.1, 60.7, 36.3, 27.9. HRMS
(M+H)+: calcd for C42H43NO7 673.304; found 673.3026.
1

H NMR of 26 in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.46 ppm); 300 MHz

13

C NMR of 26 in CDCl3 ( = 77.2 ppm) and CF3COOH ( = 162.6 ppm, 162.0 ppm, 161.4 ppm,

160.8 ppm, 112.3 ppm, 108.6 ppm); 75 MHz
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Synthesis of 9,10-di-(allyloxycarbonyl)-N-(1-dodecyloxycarbonyl-2,2-dimethylpropyl)perylene3,4-dicarboximide 27a (Scheme 3.5)
O

O

O
N
O

OC12H25
O

27a

O O

0.486 g (0.810 mmol) 26, 0.550 g (0.85 mmol) tetrabutylammonium hydroxide 40 wt% solution
in methanol and 5 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for
0.5 hrs. The solution was dried overnight under a stream of nitrogen. Then 3 ml DMF was added
in as and stir until a homogeneous solution was obtained (~0.5 hrs). Subsequently 0.400 g (1.61
mmol) 1-bromododecane and 0.297 g (0.80 mmol) tetra-n-butylammonium iodide were added in
the solution. The mixture was stirred in RT and sealed after being purged with nitrogen for 10
mins. After 4 hrs, the reaction completed, as suggested by TLC tests. 20 ml 5 M H3PO4 was then
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added and stirred for 0.5 hrs. Solid was precipitated by adding H2O and collected by suction
filtration. The crude product was purified by 3 times of column chromatography on silica gel
using 100/1(v/v) CHCl3/methanol as the eluent to afford 27a 0.386 g (63%) as a bright red solid.
1

H NMR (300 MHz, CDCl3, δ): 8.62 (m, 2H), 8.42 (br, 4H), 8.13 (m, 2H), 6.08 (m, 2H), 5.42 (m,

5H), 4.84 (m, 4H), 4.11 (m, 2H), 1.24 – 1.03 (br, 29H), 0.83 (t, J = 7.04 Hz, 3H). 13C NMR (75
MHz, CDCl3, CF3COOH, δ): 168.8, 167.6, 163.7, 163.1, 134.8, 131.9, 131.4, 131.2, 130.1,
128.7, 128.6, 128.5, 125.1. 122.3, 121.7, 121.4, 119.1, 66.4, 65.1, 60.3, 36.2, 31.8, 29.6, 29.5,
29.3, 29.2, 28.7, 28.6, 26.1, 22.6, 14.1. HRMS (M+H)+: calcd for C42H43NO7 673.304; found
673.3026.
1

H NMR of 27a in CDCl3 ( = 7.26 ppm); 300 MHz

13

C NMR of 27a in CDCl3 ( = 77.2 ppm); 75 MHz
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Synthesis of N-(1-dodecyloxycarbonyl-2,2-dimethylpropyl)-3,4,9,10-perylenetetracarboxyl-3,4anhydride-9,10-imide 25a (Scheme 3.4)
O

O

O

N

O

O O

OC12H25

25a

0.050 g (0.067 mmol) 27a, 0.036 g (0.202 mmol) sodium p-toluenesulfinate, 0.012 g (0.20 mmol)
acetic acid and 4 ml dichloromethane were mixed in a 20 ml vial. The solution was stirred for 0.5
hrs and the vial was sealed after being purged with nitrogen for 20 mins. Then the vial was
transferred to a glove box and 0.004 g (0.0035 mmol) tetrakis(triphenylphosphine)-palladium (0)
and 0.004 g (0.015 mmol) triphenylphosphine were added into the solution. The color of the
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solution turned darker immediately. TLC tests suggested that full consumption of 27a occurred
in 2 hrs. Then 0.06 g (1.0 mmol) acetic acid was added in. The mixture was stirred at 60 ºC for 3
hrs. Solid was precipitated by adding methanol and collected by suction filtration. Then the solid
was dissolved by CHCl3, followed by drop-wise addition of methanol to precipitate the red solid
again. The solid residue was purified by column chromatography on silica gel using 100/1(v/v)
CHCl3/methanol as the eluent to afford 25a 0.040 g (92%) as a red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.72 (m, 8H, Ar), 5.54 (s, H, NCH), 4.15 (m, H,

COOCH2), 4.07 (m, H, COOCH2), 1.55 – 1.07 (br, 20H, CH2), 1.02 (br, 9H, C(CH3)3), 0.83 (t, J
= 7.04 Hz, 3H, CH2CH3).

C NMR (CDCl3, CF3COOH, 75 MHz): δ (ppm) = 172.33 (ester

13

NCHCOO), 162.93 (imide C=O), 161.79 (anhydride C=O), 137.50 (Ar), 135.73 (Ar), 135.25
(Ar), 134.08 (Ar), 133.57 (Ar), 129.77 (Ar), 127.12 (Ar), 125.27 (Ar), 124.74 (Ar), 123.12 (Ar),
120.24 (Ar), 68.04 (OCH2CH2), 62.15 (NCH), 36.77 (C(CH3)3), 32.22 (CH2), 29.93 (CH2),
29.78 (CH2), 29.38 (C(CH3)3), 28.48 (CH2), 26.35 (CH2), 22.94 (CH2), 13.96 (CH2CH3). FT-IR
(cm-1): 2979 (antisymmetric CH3), 2944 (antisymmetric CH2), 2887 (symmetric CH3), 2859
(symmetric CH2), 1767 (anhydride C=O), 1721 (ester C=O), 1707 (symmetric imide C=O), 1649
(antisymmetric imide C=O), 1591 (aromatic ring stretch). HRMS (M+H)+: calcd for C42H43NO7
673.304; found 673.3026. UV-vis (in CHCl3): 486 and 522 nm (max).
1

H NMR of 25a in CDCl3 ( = 7.26 ppm); 300 MHz
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13

C NMR of 25a in CDCl3 ( = 77.2 ppm) and CF3COOH ( = 163.5 ppm, 162.9 ppm, 162.4

ppm, 161.8ppm, 112.7 ppm, 108.9 ppm,); 75 MHz
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Synthesis of 9,10-di-(allyloxycarbonyl)-N-(1-(12-(4-(4-cyanophenyl)phenoxy)
dodecyloxycarbonyl) -2,2- dimethylpropyl)-perylene-3,4-dicarboximide 27b
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Scheme S3.3. Preparation of 27b
1.00 g (5.12 mmol) 4-cyano-4'hydroxybiphenyl, 8.4 g (25.6 mmol) 1,12-dibromo-dodecane,
0.848 g (6.14 mmol) potassium carbonate, 1.35 g (5.11 mmol) 18-crown-6, 0.19 g (0.515 mmol)
tetra-n-butylammonium iodide and 60 ml acetonitrile were added into a 100 ml round-bottomed
flask and stirred at 60 ºC for 24 hrs. Solid was precipitated by adding methanol and collected by
suction filtration. Then the solid was dissolved by THF and water was added to the solution
drop-wise to precipitate the white solid. Collected solid was dissolved by THF and methanol was
added to the THF solution drop-wise to precipitate the solid again. The product was finally
purified by recrystallization in acetonitrile. White solid was dried in vacuum oven on 75 ºC for 3
hrs. Yield 4'-(12-bromo-dodecyloxy)-biphenyl-4-carbonitrile 1.751 g (76%).
0.15 g (0.255 mmol) 26, 0.174 g (0.268 mmol) tetrabutylammonium hydroxide 40 wt% solution
in methanol and 4 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for
0.5 hrs. The solution was allowed to dry at RT under a stream of nitrogen for 4 hrs. Then 6 ml
THF was added in again as the solvent and stir for 0.5 hrs until all dissolved. Then 0.225 g
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(0.509 mmol) 4'-(12-bromo-dodecyloxy)-biphenyl-4-carbonitrile and 0.01 g (0.027 mmol) tetran-butylammonium iodide were added in the solution. The mixture was stirred at RT and sealed
after being purged with nitrogen for 10 mins. The reaction completed after 3 hrs, as suggested by
TLC tests. 20 ml 5 M H3PO4 was added in the reaction. After stirring for 0.5 hrs, solid was
precipitated and collected by suction filtration. The crude product was purified by column
chromatography on silica gel using 100/2(v/v) CHCl3/ethyl acetate as the eluent to afford 27b
0.171 g (71%) as a bright red solid.
1

H NMR (300 MHz, CDCl3, δ): 8.65 (m, 6H), 8.16 (m, 2H), 7.66 (m, 4H), 7.52 (m, 2H), 6.95 (m,

2H), 6.05 (m, 2H), 5.43 (m, 5H), 4.83 (m, 4H), 4.10 (m, 6H), 1.71 (m, 2H), 1.32 – 0.90 (br, 27H).
C NMR (75 MHz, CDCl3, δ): 168.77, 167.72, 163.81, 159.77, 145.19, 137.38, 135.06, 132.54,

13

131.85, 131.33, 131.12, 130.33, 128.84, 128.69, 128.26, 126.99, 125.40, 122.47, 121.64, 119.16,
115.04, 109.97, 68.11, 66.43, 65.02, 60.23, 36.19, 29.48, 29.16, 28.64, 26.07, 25.97. HRMS
(M+H)+: calcd for C55H50N2O8 866.99; found 866.3554.
1

H NMR of 27b in CDCl3 ( = 7.26 ppm); 300 MHz
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13

C NMR of 27b in CDCl3 ( = 77.2 ppm); 75 MHz
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Synthesis of N-(1-(12-(4-(4-cyanophenyl)phenoxy)dodecyloxycarbonyl)-2,2-dimethylpropyl)3,4,9,10-perylenetetracarboxyl-3,4-anhydride-9,10-imide 25b (Scheme 3.4)
O

O

O

N

O

O O

O(CH2)12O

C N

25b
0.171 g (0.18 mmol) 27b, 0.100 g (0.562 mmol) sodium p-toluenesulfinate, 0.032 g (0.53 mmol)
acetic acid and 5 ml dichloromethane were mixed in a 20 ml vial. The solution was stirred for 0.5
hrs and the vial was sealed after being purged with nitrogen for 20 mins. Then the vial was
moved to a glove box and 0.01 g (0.0087 mmol) tetrakis(triphenylphosphine)-palladium (0) and
0.009 g (0.034 mmol) triphenylphosphine were added into the solution. The color of the solution
turned to darker immediately. After 1.5 hrs, 27b was fully consumed, according to TLC tests.
Then 0.55 g (9.17 mmol) acetic acid was added in. The mixture was stirred on 60 ºC for 3.5 hrs.
Solid was precipitated by adding methanol and collected by suction filtration. Red solid was
dried in vacuum oven on 75 ºC for 3 hrs. Yield 25b 0.152 g (99%).
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.72 (m, 8H, Ar), 7.68 (m, 2H, cyanophenyl Ar), 7.64

(m, 2H, cyanophenyl Ar), 7.52 (m, 2H, phenoxy Ar), 6.97 (m, 2H, phenoxy Ar), 5.54 (s, H,
NCH), 4.16 (t, J = 4.11 Hz, 1H, COOCH2), 4.07 (t, J = 6.46 Hz, 1H, COOCH2), 3.96 (m, 2H,
ArOCH2), 1.72 (m, 2H, COOCH2CH2), 1.36 – 1.13 (br, 18H, CH2), 1.02 (br, 9H, C(CH3)3). 13C
NMR (CDCl3, 150 MHz): δ (ppm) = 168.39 (ester NCHCOO), 163.63 (imide C=O), 162.98
(anhydride C=O), 159.73 (ArO), 145.18 (Ar), 136.09 (Ar), 133.56 (Ar), 132.54 (Ar), 131.70 (Ar),
131.22 (Ar), 129.27 (Ar), 128.29 (Ar), 127.02 (Ar), 123.88 (Ar), 123.35 (Ar), 119.09 (C≡N),
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115.03 (Ar), 110.01 (Ar), 68.08 (ArOCH2), 64.95 (COOCH2), 60.36 (NCH), 36.18 (C(CH3)3),
29.48 – 28.51 (br, CH2), 26.03 (C(CH3)3). FT-IR (cm-1): 2929 (antisymmetric CH2), 2847
(symmetric CH2), 2227 (C≡N), 1768 (symmetric anhydride C=O), 1738 (antisymmetric
anhydride C=O), 1704 (symmetric imide C=O), 1664 (antisymmetric imide C=O), 1592
(aromatic ring stretch). HRMS (M+H)+: calcd for C55H50N2O8 866.99; found 866.3554. UV-vis
(in CHCl3): 488 and 521 nm (max).
H NMR of 25b in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 9,10-di-(allyloxycarbonyl)-N-(2-methyl-1-(4-(4-(1,1-dimethylethyloxy)-2-(N-(1,1dimethylethyloxycarbonyl)amino)-1,4-dioxobutyloxy)butyloxycarbonyl)propyl)-perylene-3,4dicarboximide 27c
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Scheme S3.4. Preparation of 27c
Synthesis of 9,10-di-(allyloxycarbonyl)-N-(1-carboxy-2-methylpropyl)-perylene-3,4dicarboximide (S1)
A 150 mL round-bottomed flask was charged with 0.500 g (1.02 mmol) 24, 30 ml NMP and 23 g
imidazole. The mixture was stirred overnight before adding 129 mg (1.10 mmol) L-valine. 24
disappeared after 1 hr. Then the solution was heated to 110 ºC for 2 hrs and cooled down in ice
bath before 100 ml 5 M H3PO4 was added in. The solution was stirred in ice bath for 30 mins and
solid collected by suction filtration. Red solid was dried in vacuum oven at 75 ºC overnight.
Yield S1 0.451 g (75%) as a bright red solid.
Synthesis of 9,10-di-(allyloxycarbonyl)-N-(1-(4-bromobutyloxycarbonyl)-2-methylpropyl)perylene-3,4-dicarboximide (S2)
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0.445 g (0.75 mmol) S1, 0.521 g (0.80 mmol) tetrabutylammonium hydroxide 40 wt% solution
in methanol and 4 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for
0.5 hrs. The solution was allowed to dry at RT under a stream of nitrogen for 5 hrs. Then 3 ml
DMF was added in as the new solvent and stir until a homogenous solution is obtained (~0.5 hrs).
Then 1.6 g (7.4 mmol) 1,4-dibromobutane and 0.282 g (0.76 mmol) tetra-n-butylammonium
iodide were added to the solution. The mixture was stirred at RT and sealed after being purged
with nitrogen for 10 mins. The reaction completed after 48 hrs, as monitored by TLC. Solid was
precipitated by adding H2O and collected by suction filtration. The crude product was purified by
column chromatography on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford S2
0.391 g (72%) as a bright red solid.
1

H NMR (300 MHz, CDCl3, δ): 8.53 (m, 2H), 8.34 (m, 4H), 8.08 (d, J = 7.20 Hz, 2H), 6.08 (m,

2H), 5.42 (m, 4H), 5.06 (m, H), 4.85 (m, 4H), 4.20 (m, 5H), 3.65 (m, 6H), 2.87 (m, H), 2.27 (m,
2H), 2.06 (m, H), 1.86 (m, H), 1.66 (br, 4H), 1.41 – 1.33 (m, 21H), 0.84 (br, 3H). 13C NMR (75
MHz, CDCl3, δ): 169.94, 167.62, 163.11, 134.96, 131.86, 131.44, 131.22, 130.18, 128.81,
128.43, 125.23, 122.41, 121.50, 121.15, 119.13, 66.37, 65.11, 58.86, 33.59, 32.60, 28.39, 27.68,
25.16, 22.31, 19.31. HRMS (M+H)+: calcd for C47H48N2O13 848.3156; found 848.3151.
1

H NMR of S2 in CDCl3 ( = 7.26 ppm); 300 MHz
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C NMR of S2 in CDCl3 ( = 77.2 ppm); 75 MHz
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A 25 mL round-bottomed flask was charged with 0.645 g (2.13 mmol) boc-L-glutamic acid 5tert-butyl ester, 1.0 g (1.38 mmol) tetrabutylammonium hydroxide 40 wt% solution in methanol
and 7 ml DMF. The mixture was stirred for 1 hr before adding 391 mg (0.54 mmol) S2 and 0.2 g
(0.54 mmol) tetra-n-butylammonium iodide. The mixture was stirred at RT and sealed after
being purged with nitrogen for 10 mins. After 96 h, product was precipitated by H2O and the red
solid was collected by suction filtration. The crude product was purified by 3 times of column
chromatography on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford 27c 0.424
g (83%) as a red solid.
1

H NMR (300 MHz, CDCl3, δ): 8.53 (m, 2H), 8.34 (m, 4H), 8.08 (d, J = 7.20 Hz, 2H), 6.08 (m,

2H), 5.42 (m, 4H), 5.06 (m, H), 4.85 (m, 4H), 4.20 (m, 5H), 3.65 (m, 6H), 2.87 (m, H), 2.27 (m,
2H), 2.06 (m, H), 1.86 (m, H), 1.66 (br, 4H), 1.41 – 1.33 (m, 21H), 0.84 (br, 3H). 13C NMR (75
MHz, CDCl3, δ): 172.3, 172.0, 169.9, 167.5, 163.0, 155.4, 134.7, 131.9, 131.3, 131.1, 130.0,
128.6, 128.4, 128.2, 124.9, 122.3, 121.3, 121.0, 119.1, 80.6, 79.7, 72.9, 70.5, 69.9, 66.3, 64.8,
64.6, 61.5, 58.8, 53.1, 31.5, 28.3, 28.0, 27.6, 27.5, 25.2, 22.3, 19.3. HRMS (M+H)+: calcd for
C47H48N2O13 848.3156; found 848.3151.
1

H NMR of 27c in CDCl3 ( = 7.26 ppm); 300 MHz
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C NMR of 27c in CDCl3 ( = 77.2 ppm); 75 MHz
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Synthesis of N-(2-methyl-1-(4-(4-(1,1-dimethylethyloxy)-2-(N-(1,1dimethylethyloxycarbobbnyl)amino)-1,4-dioxobutyloxy)butyloxycarbonyl)propyl)-3,4,9,10perylenetetracarboxyl-3,4-anhydride-9,10-imide 25c

O
O
O

O

O

N

O

O O

HN
O
O
O

O

O

25c

0.036 g (0.038 mmol) 27c, 0.020 g ( 0.112 mmol) sodium p-toluenesulfinate, 0.007 g (0.117
mmol) acetic acid and 4 ml dichloromethane were mixed in a 20 ml vial. The solution was stirred
for 0.5 hrs and the vial was sealed after being purged with nitrogen for 20 mins. Then the vial
was moved to a glove box and 0.002 g (0.0017 mmol) tetrakis(triphenylphosphine)-palladium (0)
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and 0.002 g (0.0076 mmol) triphenylphosphine were added into the solution. The color of the
solution turned to darker immediately. After 3 hrs, 27c was fully consumed, as suggested by
TLC tests. Then 0.035 g (0.585 mmol) acetic acid was added in. The mixture was stirred on 60
ºC for 7 hrs. Solid was precipitated by adding methanol and collected by suction filtration. Then
the solid was dissolved by CHCl3 and methanol was added to the CHCl3 solution drop-wise to
precipitate the red solid again. The solid product was finally purified by column chromatography
on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford 25c 0.030 g (93%) as a red
solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.72 (m, 8H, Ar), 5.39 (d, J = 8.78 Hz, 1H, NCH), 5.03

(d, J = 6.91 Hz, 1H, NH), 4.24 (t, J = 5.54 Hz, 2H, NCHCOOCH2), 4.14 (t, J = 5.75 Hz, 2H,
NHCHCOOCH2), 4.03 (br, H, NHCH), 2.88 (m, H, CH(CH3)2), 2.27 (m, 2H, NHCHCH2CH2),
2.05

(m,

H,

NHCHCH2CH2),

1.85

(m,

H,

NHCHCH2CH2),

1.60

(br,

COOCH2CH2CH2CH2OOC), 1.43 – 1.26 (m, 18H, C(CH3)3), 0.85 (br, 6H, CH(CH3)2).

4H,
13

C

NMR (CDCl3, 75 MHz): δ (ppm) = 172.43 (ester COOC(CH3)3), 172.07 (ester NHCHCOO),
169.77 (ester NCHCOO), 162.42 (imide C=O), 159.68 (anhydride C=O), 155.48 (ester
NHCOO), 133.68 – 118.18 (br, Ar), 80.72 (C(CH3)3), 79.85 (C(CH3)3), 64.94 (OCH2), 59.13
(NCH), 53.13 (NHCH), 31.63 (CH2COOC(CH3)3), 28.36 (C(CH3)3), 28.13 (C(CH3)3), 27.65
(CH(CH3)2), 25.20 (COOCH2CH2CH2CH2OOC), 22.53 (NHCHCH2), 19.63 (CH(CH3)2). FT-IR
(cm-1): 2974 (antisymmetric CH3), 2942 (antisymmetric CH2), 2888 (symmetric CH3), 2861
(symmetric CH2), 1772 (symmetric anhydride C=O), 1721 (antisymmetric anhydride C=O),
1706 (symmetric imide C=O), 1663 (antisymmetric imide C=O), 1592 (aromatic ring stretch).
HRMS (M+H)+: calcd for C47H48N2O13 848.3156; found 848.3151. UV-vis (in CHCl3): 486 and
522 nm (max).
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H NMR of 25c in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 3,4-di-(allyloxycarbonyl)-9-hexadecyloxycarbonyl-10-(4methoxybenzyloxycarbonyl)-perylene 28 (Scheme 3.6)
O

O

O

OC16H33

O

O
O

O

O

28
All the reagents were dried by activated molecular sieves for 2 days and glass wares and 24 were
dried in vacuum oven on 75 ºC overnight. 0.099 g (0.20 mmol) 24 0.047 g (0.31 mmol) 1,8diazabicyclo[5.4.0]undec-7-ene (DBU), 0.158 g (0.65 mmol) 1-hexadecanol and 2 ml DMSO
were mixed in a 20 ml vial. The mixture was stirred 3.5 hrs before adding 181 mg (1.16 mmol)
4-methoxybenzyl chloride. After 20 hrs, product was precipitated by methanol and the red solid
was collected by suction filtration. The crude product was purified by column chromatography
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on silica gel using 25/1(v/v) CHCl3/ethyl acetate as the eluent to afford 28 0.126 g (73%) as a
bright red solid.
Synthesis of 9-hexadecyloxycarbonyl-10-(4-methoxybenzyloxycarbonyl)-perylene-3,4anhydride 29 (Scheme 3.6)
O

O

OC16H33
O
O
O

O

O

29
0.126 g (0.15 mmol) 28, 0.079 g (0.44 mmol) sodium p-toluenesulfinate, 0.027 g (0.45 mmol)
acetic acid and 10 ml dichloromethane were mixed in a 20 ml vial. The solution was stirred for
0.5 hrs and the vial was sealed after being purged with nitrogen for 20 mins. Then the vial was
moved to a glove box and 0.009 g (0.008 mmol) tetrakis(triphenylphosphine)-palladium (0) and
0.009 g (0.034 mmol) triphenylphosphine were added into the solution. The color of the solution
turned to darker immediately. After 1.5 hrs, 28 was fully consumed, as indicated by TLC tests.
Then 0.135 g (2.25 mmol) acetic acid was added in. The mixture was stirred on 60 ºC for 7 hrs.
Solid was precipitated by adding methanol and collected by suction filtration. The solid residue
was purified by column chromatography on silica gel using 20/1(v/v) CHCl3/ethyl acetate as the
eluent to afford 29 0.087 g (78%) as a red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.60 (m, 2H, perylene Ar), 8.48 (m, 4H, perylene Ar),

8.11 (t, J = 8.05, 2H, perylene Ar), 7.43 (d, J = 7.19, 2H, benzyl Ar), 6.92 (d, J = 9.48, 2H,
benzyl Ar), 5.33 (s, 2H, benzyl CH2), 4.32 (t, J = 6.03 Hz, 2H, CO2CH2CH2), 3.82 (s, 3H,
OCH3), 1.79 (m, 2H, CO2CH2CH2), 1.24 (br, 26H, CH2), 0.88 (t, J = 7.82 Hz, 3H, CH2CH3). 13C
NMR (CDCl3, 75 MHz): δ (ppm) = 167.73 (ester C=O), 159.92 (anhydride C=O), 159.12 (ArO),
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134.19 – 114.17 (br, Ar), 65.15 (br, OCH2), 55.41 (OCH3), 32.14 (CH2), 30.01 (CH2), 28.46
(CH2), 26.20 (CH2), 22.91 (CH2), 14.32 (CH2CH3). FT-IR (cm-1): 2950 (antisymmetric CH2),
2885 (symmetric CH2), 1764 (symmetric anhydride C=O symmetric), 1718 (antisymmetric
anhydride C=O), 1705 (ester C=O), 1589 (aromatic ring stretch). HRMS (M+H)+: calcd for
C48H50O8 754.3506; found 754.3485. UV-vis (in CHCl3): 478 and 507 nm (max).
H NMR of 29 in CDCl3 ( = 7.26 ppm); 300 MHz
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Chapter 4: A Mild, Transition Metal-Free Approach toward
Perylene Tetracarboxylic Monoanhydrides with Labile
Groups

4.1 Introduction

In Chapter 3, we introduced the method of preparing perylene monoanhydrides via a tandem
palladium (0)-catalyzed deallylation/cyclization. The mild method can tolerate many labile
functional groups. However, Pd (0) is expensive and oxygen sensitive. In this chapter, we report
a more user-friendly mild approach toward perylene monoanhydrides.
As reported in literature, p-methoxybenzyl (PMB) esters can be deprotected by gentle heating in
phenol.[1] Applying this method to the synthesis of perylene monoanhydrides would meet the
criteria of nearly neutral environment, cheap reagents and less demanding operations.

4.2 Results and discussion

4.2.1 Synthesis of PEA bearing PMB ester
4.2.1.1 A test of anhydride formation
The enabling step in the perylene monoanhydrides synthesis is a mild anhydride formation step
that is compatible with many labile functional groups. A phenol deprotection of PMB esters was
selected as it can proceed to cyclization cleanly and selectively under very mild conditions.
Scheme 4.1 shows a possible mild pathway to convert a perylene PMB ester to its anhydride
122

form via phenol deprotection. The weakly acidic property of phenol promises the anhydride
formation under a mild environment while keeping a broad range of functional groups intact.
Scheme 4.2 illustrates a reaction employing phenol to test the suitability of the conversion of a
perylene PMB ester to its anhydride counterpart. PTE 30 was prepared from PDA at a yield of
88%. In Scheme 4.2, the soluble PTE 30 was disappeared and mostly transformed into insoluble
PDA in 4 hours at 60 °C, which suggests that the reaction is suitable as the crucial mild
anhydride formation step in perylene anhydride preparation.
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Scheme 4.1.Cleavage-cyclization of a perylene PMB ester in phenol
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Scheme 4.2. Cleavage-cyclization of PTE 30 in phenol

123

4.2.1.2 Traditional method to synthesize PEA with PMB ester
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Scheme 4.3. The general functional group-tolerant PIA preparation route
Scheme 4.3 depicts the new PIA preparation route featuring the mild cleavage-cyclization
reaction. The first step for the completion of PIAs is the preparation of PEA 32. The reported
PEAs synthetic approach is shown in Scheme 4.4. This acid-catalyzed hydrolysis-cyclization
reaction is typically carried out at around 100 °C for several hours with p-toluenesulfonic acid
monohydrate (TsOH·H2O) as the catalyst and water supply. Such a condition tends to
disintegrate an array of functional groups and pH sensitive groups, imposing a serious limitation
on the choice of substituents. Moreover, the successful of such a reaction relies on a solvent that
can dissolve the PTE well but hardly dissolve the PEA, at ~ 100 °C. The reaction works well on
the preparation of a perylene monoanhydride dialkyl ester, as its corresponding perylene
tetraester is highly soluble in a nonpolar (or weakly polar) solvent while itself is nearly insoluble
so that it precipitates upon formation. To apply this method to PTE 30, we need a solvent that
can dissolve PTE 30 well but hardly dissolve PEA 31 at ~ 100 °C.
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4.2.1.3 Exploration of new methods to synthesize PEA with PMB ester
When pure phenol is used as the solvent, ~20% PEA 31 forms in the cyclization reaction. To
improve the yield of 31, a less polar solvent is preferred to reduce the solubility of the more polar
PEA. Toluene and octane are selected as the candidates, but solubility of PTE 30 is too low, even
at ~ 100 °C. Therefore, we attempted phenol/toluene mixture as the reaction media. However,
the yield of desired PEA 31 is always below 30%.
Besides, the solubility of 31 in common organic solvents at room temperature is too low for it to
be purified and analyzed. To simultaneously address the solubility and low PEA yield issues, we
attempted to replace the methyl group in PMB with a butyl group, with the hope that the
solubility behaviors of the corresponding PTE 33 and PEA 34 will lead to a substantially
improvement on both the yield and solubility of the PEA. Since the electronic effect of a butoxy
group is practically the same as the methoxy group, it is expected that a p-butoxybenzyl ester can
also be cleaved in warm phenol, just like a PMB ester. The synthesis of PTE 33 is shown in
Scheme 4.5.
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Scheme 4.5. Synthesis of symmetric p-butoxybenzyl perylene tetraester 33
We first attempted to perform the PTE→PEA conversion of PTE 34 in a warm phenol/toluene
mixture (1:5 v/v) at 60 °C overnight. A TLC test indicated that there were about 50% PEA 34
together with about 10% PDA, and about 40% PTE 33 remained unreacted (Scheme 4.6 (I)).
Considering toluene maybe a solvent that is too good for PEA 34 to precipitate, we also explored
the reaction using octane as the main solvent. The key reason for a p-alkoxybenzyl ester to be
labile in a weakly acidic media is due to the enhanced stability of the corresponding benzylic
carbocation. To encourage the cleavage of p-alkoxybenzyl ester, a carbocation scavenger is
needed, in addition to an acid. In case of the cleavage of a PMB ester in warm phenol, phenol
serves as both the weak acid and the carbocation scavenger. As shown in Scheme 4.6 (II), pdodecylbenzenesulfonic acid was used as the acid and anisole was employed as the carbocation
scavenger. The mixture was allowed reaction at 70 °C overnight, yielded about 40% PEA 34, 10%
PDA and 50% unreacted PTE 33.
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Scheme 4.6. Synthetic strategies of PEA 34 from PTE 33
Although the conversion from PTE 33 to PEA 34 is better than the conversion from PTE 30 to
PEA 21, we don’t feel the improvement is great enough to justify the extra preparation step.
Therefore we explored alternative synthetic routes toward perylene monoanhydride palkoxybenzyl esters.
4.2.1.4 Synthesis of PEA with PMB ester through “one-pot three-step” approach
Another synthetic strategy to prepare PEAs invented by our group is an “one-pot three-step”
approach. The synthesis routine is shown in Scheme 4.7. In the first step, PDA is dissolved in
dimethyl sulfoxide (DMSO) containing four molar equivalent tetrabutylammonium hydroxide. In
the second step, three equivalent of PMB chloride is added to form a triester which is unstable in
the third step under acetic acid environment and cyclizes to yield the final product PEA 31.
Throughout the preparation, the PMB ester substituent in the PEA does not experience any
drastic chemical environment. It will be subjected to either a weakly basic (carboxylate in the
second step) or a weakly acidic (acetic acid in the third step) condition. The reaction temperature
is no higher than around 60 °C. This much milder reaction condition minimizes the rate of
possible side reactions a labile functional group might undergo. Besides, the desired PEA
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product is stable in the presence of acetic acid. Thus, the success of the reaction is no longer
relying on the precipitation of the PEA product. This “one-pot three-step” reaction yield 31 38%.
Although the yield is comparable to 40% in last method, it starts from PDA and saves the step of
preparing PTE which increase the total yield. Overall, the “one-pot three-step” approach of
synthesis PEA with benzylalkoxy group is chosen as the most efficient method. Improving the
solubility of PEA and reaction conditions for better yield is the next goal.
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Scheme 4.7. Synthesis of PEA 31 from “one-pot three step” approach
Another unique feature of this approach is its capacity to prepare unsymmetrically substituted
PEAs, with a slight modification in the first step of the procedure. By increasing the solubility of
a PMB-containing PEA, we introduce a long solubilizing alkyl group on the ester part of PEA
yielding an asymmetrically substituted PEA. The strategy is shown in Scheme 4.8. In the first
step, 1,8-diazabicycloundec-7-ene (DBU), a strong organic base, extracts a proton from p-
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methoxybenzyl alcohol, forming p-methoxyphenylmethoxide and DBUH+, the conjugate acid of
DBU. Highly nucleophilic p-methoxyphenylmethoxide opens both anhydride rings of a PDA,
lead to the formation of dicarboxylate ion, with DBUH+ as the counterion. Thanks to DBUH+,
the dicarboxylate is soluble in DMSO. It is worth mentioning that the nucleophilic attack of an
alkoxide on a PDA only results in a dicarboxylate, with one carboxylate group on each side of
the perylene core, even in the presence of a large excess of alkoxide. In the following step, an
electrophile is introduced in the form of an alkyl bromide. To encourage the formation of the
perylene triester, around one molar equivalent (with respect to PDA) of bromide is added.
Finally, the reaction mixture is treated with acetic acid to acidify and to cyclize the monosubstituted side into an anhydride.
To maximize the yield of PEA 35, the reagents in first step have to be totally dried. Reaction
flask and PDA solid are dried by vacuum oven on 100 °C overnight; liquid reagents and solvents
are dried by freshly activated 4A molecular sieves for a week. Under the optimized reaction
condition, this one-pot approach gave PEA 35 at an isolated yield of 41.5%. We feel that this
method is the best one to prepare p-alkoxybenzyl-containing PEAs because: 1. Highest yield; 2.
Being a one-pot approach; 3. PEA 35 is well-soluble in common organic solvents.
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4.2.2 Synthesis of perylene tetracarboxylic monoanhydrides with PEA 35 as the starting
material
As discussed, perylene tetracarboxylic monoanhydrides can easily form through the mild
cleavage-cyclization reaction in phenol. Here, we explored the preparation of perylene
monoanhydrides with sensitive functional groups. Scheme 4.9 depicts the general route to
synthesize perylene tetracarboxylic monoanhydrides with labile groups from PEA 35 via the
mild cleavage-cyclization reaction.
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35 via PMB ester cleavage-cyclization reaction
4.2.2.1 Synthesis of PIAs with labile substituents
To assess the functional group tolerance of the new approach, a synthesis of PIA 37a, which
bears a synthetically valuable ester group, is first planned and depicted in Scheme 4.10. Scheme
4.11 shows the preparation of the corresponding PEI precursor 36a. PEA 35 is first converted
into intermediate PEI via one-pot RT amidation-thermal imidization using 1.2 molar equivalents
of L-valine. Despite the amine’s large steric hindrance, a yield of 98% is observed. Moreover,
this amine can fully consume 35 at RT in a 0.3 M imidazole NMP solution. This mild RT
amidation with low imidazole concentration allows the anhydride group to be highly selectively
imidized in the presence of PMB groups. This imidization conversion effectively capped the
amino group of L-valine, isolating its carboxyl group for the subsequent alkylation reaction that
afforded PEI 36a in high yield. In the phenol deprotection step, PEI 36a is fully consumed and
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converted to PIA 37a within 1.5 hours at 80 °C, as confirmed by TLC tests. The excellent
isolated yield of 98% of PIA 37a, underlines the effectiveness of this new PIA preparation
approach in accommodating ester groups and establishes cleavage-cyclization in phenol at 80 °C
as our protocol for the anhydride formation step.
1) L-valine
(1.2 mol. equiv.)
0.3 M imidazole/NMP
RT, 24 hrs
35
2) 110 °C 1.5 hrs
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Scheme 4.10. Preparation of PEI 36a
To further explore the versatility of the new method, the synthesis of PIA 37b, with ester, ether
and cyano groups on the imide side, is also attempted. The preparation of the corresponding PEI
36b is described in Scheme 4.11. The high conversion (90% yield) from PEI 36b to PIA 37b
clearly suggests that the mild cleavage-cyclization procedure is fully compatible with ester, ether
and cyano groups.
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Scheme 4.11. Preparation of PEI 36b
Another design for novel PIAs is introducing the prototypical aromatic amine, aniline, to react
with PEA 35 for the preparation of PIA 37c. According to the solid structure of 37c, it hardly
dissolves in nonpolar solvent, like chloroform, for purification. Thanks to the near quantitative
conversion, there is no need for further isolation. Clean 13C and 1H are obtained by using D2SO4
as the solvent. The successful synthesis of PIA 37c verifies that the mild reaction condition in
last step is compatible with phenyl group.
Amide group is a typical synthetically useful functional group but hardly ever installed on
perylene anhydrides besides in our lab. We believe that the mild preparation protocol permits the
synthesis of amide-containing PIAs. To test the hypothesis, PIA 37d was designed and features
both amide and ether, among other functional groups. The preparation of the amide containing
amine and PEI precursor 36d is presented in Scheme 4.12. Gratifyingly, 36d was converted to
PIA 37d at yield of 70%. This confirms that amide group remains intact during the
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transformation and that this phenol cyclization method is suitable for the preparation of PIAs
containing amide group.
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Scheme 4.12. Preparation of PEI 36d
As depicted in last chapter, the anhydride formation step in Pd (0)-catalyzed deallylationcyclization is compatible with t-butyl/Boc ester group. Therefore, we try to apply the mild
cleavage-cyclization method to prepare a PIA with the same t-butyl/Boc ester group. The
strategy is shown in Scheme 4.13. However, in the last step, the expected anhydride was
obtained at a much lower yield, accompanied by many perylene-based side products. Suspecting
that t-butyl ester is unstable in warm phenol, we tested another reaction, as shown in Scheme
4.14. After an hour of the reaction, a sizeable amount of PDA was observed, confirming that tbutyl ester can be cleaved in warm phenol.
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Scheme 4.14. PIA with t-butyl ester group react with phenol
4.2.2.2 Synthesis of PEAs with labile ester substituents
Because the mild cleavage-cyclization transforms a perylene PMB ester to perylene anhydride,
we envisioned that this mild procedure could also be employed in the preparation of PEAs with
labile ester substituents. The synthetic strategies from PEA 35 to PEAs are depicted in Scheme
4.9. As shown in last chapter, PMB ester can survive the mild Pd (0)-catalyzed deallylationcyclization step. Allyl ester is also a sensitive functional group. It would be interesting to see
whether allyl ester can survive the PMB ester cleavage-cyclization reaction. The reaction is
depicted in Scheme 4.15. After 8 hours reaction, 38e is fully converted to 24 in a 100% yield,
proving that allyl ester has no problem survive the anhydride formation reaction in warm phenol.
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Scheme 4.15. Preparation of PEA 24 via PMB ester cleavage-cyclization reaction
Another useful application of PMB ester→perylene monoanhydrides approach is the installation
of mixed ester substituents in a PEA. The mixed PTE 38f is prepared from PEA 35 using a “onepot two-step” method at an overall yield of 85%, which is depicted in Scheme 4.16. The phenol
deprotection of 38f affords the target PEA 39f at a yield of 96%. Therefore, the successful
preparation of 39f not only demonstrates that this approach can be applied to synthesize PTEs
with mixed ester substituents, but also confirms that the benzyl ester group can survive the mild
anhydride formation step.
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Scheme 4.16. Preparation of mixed PTE 38f and PEA 39f

4.3 Conclusion

In conclusion, we have designed and successfully synthesized a soluble perylene tetracarboxylic
monoanhydride diester. This unsymmetrically substituted PEA 35 was directly prepared from
PDA through a “one-pot three-step” synthetic strategy with a reasonable yield. This compound
can serve as the versatile intermediate for the synthesis of PIAs and PEAs with a wide range of
viable functional groups which could be further converted to unsymmetric PDIs. The key
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anhydride formation step occurs conveniently in warm phenol, which does not require any
special environment control techniques. The approach is compatible with alkyl ester, allyl ester,
benzyl ester, ether, phenyl, amide and cyano groups, as demonstrated by excellent synthetic
yields. However, this approach is not suitable for the preparation of t-butyl ester-containing
perylene monoanhydrides. In addition, through minor adjustment of the “one-pot” synthetic
strategy, a PTE with four mixed substitutes were prepared, for the first time, from the key
intermediate PEA 35. This convenient, transition metal-free approach will facilitate the access to
a wide range of unsymmetrically substituted perylene tetracarboxylic derivatives, especially
those bearing labile functional groups.

4.4 Experimental section

4.4.1 Materials and Methods
1

H spectra were recorded on a Varian 300 MHz and 600 MHz NMR spectrometer with CDCl3 as

the solvent at room temperature (RT). For 1H NMR, The chemical shifts were reported using
TMS as the internal standard.

4.4.2 Synthesis and Characterization
All reagents and chemicals were purchased from commercial vendors and used as received
unless otherwise noted.
Synthesis of 30
100 mg (0.26 mmol) 3,4:9,10-perylenetetracarboxyldianhydride (98%), 683 mg (1.44 mmol)
tetrabutylammonium hydroxide 55 wt% aqueous solution and 1 ml THF were added into a 10 ml
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round-bottomed flask and stirred at room temperature (RT) until PDA is totally dissolved (~0.5
hrs). The solution was heated to 60 °C under a stream of nitrogen until dryness. Then 3 ml
DMSO was added to dissolve the solid residue followed by adding 230 mg (1.48 mmol) 4methoxybenzyl chloride. The mixture was stirred at RT and sealed after being purged with
nitrogen for 10 mins. After 3.5 hrs, the yellow solid product was precipitated by H2O and
collected by suction filtration. Yield 30 216 mg (88.3%) as a bright orange solid.
Cleavage-cyclization of 30 (Scheme 4.2)
20 mg (0.02 mmol) of 30 was placed in a 20 ml vial with 0.5 g of phenol and heated to 60 °C.
After 4 hrs, there was no 30 left anymore. In TLC test, it was observed that PEA 31 and PDA
were both presented.
Synthesis of 33 (Scheme 4.5)
1.01 g (6.08 mmol) of p-butoxybenzyl alcohol was placed into a 20 ml vial. 15 mL of CH2Cl2
and 3 drops of DMF were added to the vial as the solvent. 858 mg (7.21 mmol) of SOCl 2 was
added dropwise. The mixture was stirred in ice bath for 30 mins. The solution was place under a
stream of nitrogen in RT until dryness. Then 5 ml CH2Cl2 was added to dissolve the solid residue
followed by adding 0.8 g MgSO4 to remove H2O. The dichloromethane solution was collected by
suction filtration and dried in RT. The collected solid was further dried in vacuum oven at RT for
4 hrs. Yield p-butoxybenzyl chloride 891 mg (80.0%) as a white solid.
353 mg (0.90 mmol) 3,4:9,10-perylenetetracarboxyldianhydride (98%), 936 mg (1.98 mmol)
tetrabutylammonium hydroxide 55 wt% aqueous solution and 5 ml THF were added into a 20 ml
vial and stirred at room temperature (RT) until PDA is totally dissolved (~0.5 hrs). The solution
was placed under a stream of nitrogen until dryness. Then 5 ml DMSO was added to dissolve the
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solid residue followed by adding 891 mg (4.48 mmol) of p-butoxybenzyl chloride and 99 mg
(0.27 mmol) of N(Bu)4I. After 2.5 hrs, the yellow solid product was precipitated by methanol
and collected by suction filtration. The crude product was purified by column chromatography
on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford 33 695 mg (71.7%) as a
bright red solid.
Synthesis of 34 in phenol/toluene mixture (Scheme 4.6(I))
20 mg (0.02 mmol) of 33 was placed in a 20 ml vial with 0.3 g of phenol and 1.5 mL of toluene.
The mixture was heated to 60 °C. After overnight, from TLC test, there were about 40%
unreacted 33, 50% 34 and 10% PDA. PDA was getting more by increasing the reaction
temperature.
Synthesis of 34 with p-dodecylbenzenesulfonic acid as the catalyst (Scheme 4.6(II))
20 mg (0.02 mmol) of 33, 6.52 (0.02 mmol) p-dodecylbenzenesulfonic acid and 13 mg (0.12
mmol) of anisole were placed in a 20 ml vial. 0.5ml of toluene and 6 ml of octane were added in
as the solvent. The reaction was left overnight at 70 °C. From TLC, the reaction mixture
contained 10% PDA, 40% of 34 and 50% unreacted 33.
Synthesis of 31 (Scheme 4.7)
500 mg (1.27 mmol) of PDA was placed in a 25 ml round-bottomed flask and dissolved in 3 mL
of THF at RT. 3.491 g (6.63 mmol) tetrabutylammonium hydroxide 55 wt% aqueous solution
was added into the solution. After 10 min, the solution was dried for 3 hrs under a stream of
nitrogen at 60 °C. Then 5 ml DMSO was added in and stir until a homogeneous solution was
obtained (~0.5 hrs). Subsequently 0.619 g (3.95 mmol) 4-methoxybenzyl chloride and 0.047 g
(0.13 mmol) tetra-n-butylammonium iodide were added in the solution. The mixture was stirred
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in RT and sealed after being purged with nitrogen for 10 mins. After 14 hrs, the reaction
completed, as suggested by TLC tests. 0.229 g (3.81 mmol) acetic acid was then added and
stirred for 0.5 hrs at 60 °C. Solid was precipitated by adding H2O and collected by suction
filtration. The crude product was dissolved by chloroform and filtrate was collected by suction
filtration to remove PDA. Then solid was recovered by purging nitrogen to chloroform solution.
Solid was dissolved by NMP and precipitated by adding H2O. Solid collected by suction
filtration. Yield 31 315 mg (38%) as a bright red solid.
Synthesis of 35 (Scheme 4.8)
This reaction is moisture sensitive. All the chemicals were dried by vacuum oven or molecular
sieves soaking for days. 500 mg (1.27 mmol) of PDA, 487 mg (3.19 mmol) 1,8diazabicyclo[5.4.0]undec-7-ene (DBU), 410 mg (2.97 mmol) 4-methylbenzylalcohol and 3 ml
DMSO were mixed in a 20 ml vial. The vial was sealed and the solution was stirred for 14 hrs at
RT until PDA solid was dissolved. Then 470 mg (1.27 mmol) tetra-n-butylammonium iodide and
238 mg (0.96 mmol) 1-bromododecane were added in the solution. After 24 hrs, another 111 mg
(0.44 mmol) 1-bromododecane was added in the solution. After 24 hrs, another 63 mg (0.25
mmol) 1-bromododecane was added in the solution. After another 24 hrs, the reaction completed
as suggested by TLC tests. 40 drops of acetic acid was added and stirred for 4 hrs at 60 °C. Solid
was precipitated by adding methanol and collected by suction filtration. The crude product was
purified by 2 times of column chromatography on silica gel using 100/5(v/v) CHCl3/ethyl acetate
as the eluent to afford 35 0.370 g (41.5%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.59 (m, 2H, perylene Ar), 8.46 (m, 4H, perylene Ar),

8.10 (t, J = 8.05, 2H, perylene Ar), 7.43 (d, J = 7.19, 2H, benzyl Ar), 6.94 (d, J = 9.48, 2H,
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benzyl Ar), 5.33 (s, 2H, benzyl CH2), 4.32 (t, J = 6.03 Hz, 2H, CO2CH2CH2), 3.82 (s, 3H,
OCH3), 1.79 (m, 2H, CO2CH2CH2), 1.26 (br, 18H, CH2), 0.87 (t, J = 7.82 Hz, 3H, CH2CH3).
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Scheme S4.1. Preparation of 36a
A 50 mL round-bottomed flask was charged with 410 mg (0.59 mmol) 35, 10 ml NMP and 200
mg imidazole. The mixture was stirred overnight before adding 83 mg (0.71 mmol) L-valine. 35
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OC12H
25

disappeared after 24 hrs. Then the solution was heated to 110 ºC for 1.5 hrs and cooled down in
ice bath before 30 ml 5 M H3PO4 was added in. The solution was stirred in ice bath for 1 hr and
solid collected by suction filtration. Red solid was dried in vacuum oven on 75 ºC overnight.
Yield S4 460 mg (98%) as a bright red solid.
177 mg (0.22 mmol) S4, 151 mg (0.23 mmol) tetrabutylammonium hydroxide 40 wt% solution
in methanol and 3 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for
0.5 hrs. The solution was dried under a stream of nitrogen for 2 hrs. Then 3 ml DMF was added
in as and stir until a homogeneous solution was obtained (~0.5 hrs). Subsequently 110 mg (0.44
mmol) 1-bromododecane and 8 mg (0.02 mmol) tetra-n-butylammonium iodide were added in
the solution. The mixture was stirred in RT and sealed after being purged with nitrogen for 10
mins. After 5 hrs, the reaction completed, as suggested by TLC tests. Solid was precipitated by
adding H2O and collected by suction filtration. The crude product was purified by 2 times of
column chromatography on silica gel using 100/1(v/v) CHCl3/ethyl acetate as the eluent to afford
36a 167 mg (78%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.60 (m, 2H, perylene Ar), 8.41 (m, 4H, perylene Ar),

8.09 (t, J = 8.05, 2H, perylene Ar), 7.44 (d, J = 7.19, 2H, benzyl Ar), 6.92 (d, J = 9.48, 2H,
benzyl Ar), 5.39 (s, H, NCH), 5.35 (s, 2H, benzyl CH2), 4.32 (t, J = 6.03 Hz, 2H, ArCOOCH2),
4.10 (m, H, CHCOOCH2), 4.09 (m, H, CHCOOCH2), 3.82 (s, 3H, OCH3), 2.91 (s, H,
CH(CH3)2), 1.79 (m, 2H, ArCOOCH2CH2), 1.40 – 1.04 (br, 38H, CH2), 1.05 (br, 3H, CH(CH3)2),
0.85 (t, J = 7.82 Hz, 3H, CH(CH3)2), 0.84 (t, J = 7.82 Hz, 6H, CH2CH3).
1

H NMR of 36a in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 37a (Scheme 4.9)
69 mg (0.067 mmol) 36a and 2 g phenol were mixed in a 20 ml vial. The mixture was stirred in
80 ºC and sealed after being purged with nitrogen for 5 mins. After 1.5 hrs, the reaction
completed, as suggested by TLC tests. Solid was precipitated by adding methanol and collected
by suction filtration. Yield 37a 46 mg (98%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.72 (m, 8H, Ar), 5.38 (s, H, NCH), 4.17 (m, H,

COOCH2), 4.09 (m, H, COOCH2), 2.88 (s, H, CH(CH3)2), 1.55 – 1.09 (br, 20H, CH2), 1.09 (br,
6H, CH(CH3)2), 0.85 (t, J = 7.04 Hz, 3H, CH2CH3).
1

H NMR of 37a in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 36b (Scheme 4.11)
1.00 g (5.12 mmol) 4-cyano-4'hydroxybiphenyl, 8.4 g (25.6 mmol) 1,12-dibromo-dodecane,
0.848 g (6.14 mmol) potassium carbonate, 1.35 g (5.11 mmol) 18-crown-6, 0.19 g (0.515 mmol)
tetra-n-butylammonium iodide and 60 ml acetonitrile were added into a 100 ml round-bottomed
flask and stirred at 60 ºC for 24 hrs. Solid was precipitated by adding methanol and collected by
suction filtration. Then the solid was dissolved by THF and water was added to the solution
drop-wise to precipitate the white solid. Collected solid was dissolved by THF and methanol was
added to the THF solution drop-wise to precipitate the solid again. The product was finally
purified by recrystallization in acetonitrile. White solid was dried in vacuum oven on 75 ºC for 3
hrs. Yield 4'-(12-bromo-dodecyloxy)-biphenyl-4-carbonitrile 1.751 g (76%).
85 mg (0.11 mmol) S4, 73 mg (0.11 mmol) tetrabutylammonium hydroxide 40 wt% solution in
methanol and 3 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for 0.5
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hrs. The solution was dried under a stream of nitrogen for 2 hrs. Then 3 ml THF was added in as
and stir until a homogeneous solution was obtained (~0.5 hrs). Then 94 mg (0.21 mmol) 4'-(12bromo-dodecyloxy)-biphenyl-4-carbonitrile and 6 mg (0.02 mmol) tetra-n-butylammonium
iodide were added in the solution. The mixture was stirred at RT and sealed after being purged
with nitrogen for 10 mins. The reaction completed after 14 hrs, as suggested by TLC tests. Solid
was precipitated by adding H2O and collected by suction filtration. The crude product was
purified by column chromatography on silica gel using 100/2(v/v) CHCl3/ethyl acetate as the
eluent to afford 36b 100 mg (81%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.57 (m, 2H, perylene Ar), 8.39 (m, 4H, perylene Ar),

8.07 (t, J = 8.05, 2H, perylene Ar), 7.65 (m, 4H, cyanophenyl Ar), 7.52 (m, 2H, phenoxy Ar),
7.44 (d, J = 7.19, 2H, benzyl Ar), 6.97 (m, 2H, phenoxy Ar), 6.92 (d, J = 9.48, 2H, benzyl Ar),
5.39 (s, H, NCH), 5.34 (s, 2H, benzyl CH2), 4.32 (t, J = 6.03 Hz, 2H, ArCOOCH2), 4.20 (m, H,
CHCOOCH2), 4.11 (m, H, CHCOOCH2), 3.95 (m, 2H, ArOCH2), 3.81 (s, 3H, OCH3), 2.90 (s, H,
CH(CH3)2), 1.75 (m, 2H, ArCOOCH2CH2), 1.72 (m, 2H, CHCOOCH2CH2), 1.34 – 1.08 (br,
36H, CH2), 1.06 (br, 3H, CH(CH3)2), 0.87 (br, 3H, CH(CH3)2), 0.83 (t, J = 7.82 Hz, 3H,
CH2CH3).
1

H NMR of 36b in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 37b (Scheme 4.9)
40 mg (0.035 mmol) 36b and 1.45 g phenol were mixed in a 20 ml vial. The mixture was stirred
in 80 ºC and sealed after being purged with nitrogen for 5 mins. After 3 hrs, the reaction
completed, as suggested by TLC tests. Solid was precipitated by adding methanol and collected
by suction filtration. The crude product was dissolved by chloroform and precipitated by
methanol. Solid collected by suction filtration and dried in vacuum oven for 3 hrs. Yield 37b 20
mg (90%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.72 (m, 8H, Ar), 7.66 (m, 4H, cyanophenyl Ar), 7.52

(m, 2H, phenoxy Ar), 6.97 (m, 2H, phenoxy Ar), 5.38 (s, H, NCH), 4.18 (m, H, COOCH2), 4.11
(m, H, COOCH2), 3.96 (m, 2H, ArOCH2), 2.88 (s, H, CH(CH3)2), 1.74 (m, 2H, 1.72 (m, 2H,
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COOCH2CH2), 1.35 – 1.09 (br, 18H, CH2), 1.07 (br, 3H, CH(CH3)2), 0.84 (d, J = 7.20 Hz, 3H,
CH(CH3)2).
1

H NMR of 37b in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 37c
L-valine
(1.1 mol. equiv.)
3 M imidazole/NMP
RT, 24 hrs

1)

35

2) 110 °C 1.5 hrs

O
O
O
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O

N
O

36c

O

Phenol
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O

O

N

80 ºC
O

O

37c

Scheme S4.2. Preparation of 37c
A 10 mL round-bottomed flask was charged with 78 mg (0.11 mmol) 35, 2 ml NMP and 500 mg
imidazole. The mixture was stirred overnight before adding 12 mg (0.13 mmol) aniline. 35
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disappeared after 24 hrs. Then the solution was heated to 110 ºC for 1.5 hrs and cooled down in
ice bath before 10 ml 5 M H3PO4 was added in. The solution was stirred in ice bath for 1 hr and
solid collected by suction filtration. The crude product was purified by column chromatography
on silica gel using 100/2(v/v) CHCl3/ethyl acetate as the eluent to afford 36c 60 mg (70%) as a
bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.51 (m, 2H, perylene Ar), 8.20 (m, 4H, perylene Ar),

8.00 (t, J = 8.05, 2H, perylene Ar), 7.59 – 7.38 (m, 5H, aniline Ar), 7.45 (d, J = 7.19, 2H, benzyl
Ar), 6.93 (d, J = 9.48, 2H, benzyl Ar), 5.34 (s, 2H, benzyl CH2), 4.31 (t, J = 6.03 Hz, 2H,
COOCH2), 3.82 (s, 3H, OCH3), 1.80 (m, 2H, COOCH2CH2), 1.36 (br, 18H, CH2), 0.83 (t, J =
7.87 Hz, 3H, CH2CH3).
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H NMR of 36c in CDCl3 ( = 7.26 ppm); 300 MHz
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44 mg (0.057 mmol) 36c and 1.40 g phenol were mixed in a 20 ml vial. The mixture was stirred
in 80 ºC and sealed after being purged with nitrogen for 5 mins. After 1.5 hrs, the reaction
completed, as suggested by TLC tests. Solid was precipitated by adding methanol and collected
by suction filtration. Yield 37c 26 mg (98%) as a brown red solid.
1

H NMR (D2SO4, 600 MHz): δ (ppm) = 2.94 (m, 5H, perylene Ar), 2.82 (m, 3H, perylene Ar),

1.67 (m, 3H, aniline Ar), 1.40 (m, 2H, aniline Ar).
1

H NMR of 37c in D2SO4 ( = 5.05 ppm); 600 MHz
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Synthesis of 36d (Scheme 4.12)
A 20 mL vial was charged with 200 mg (0.45 mmol) 3,5-bis(decyloxy)benzoic acid methyl ester,
140 mg (4.38 mmol) hydrazine monohydrate and 3 ml ethanol. The mixture was stirred for 3
weeks at 70 ºC. The solution was allowed to dry under a stream of nitrogen at RT. Then crude
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product was dissolved by THF and precipitated by H2O. And this procedure was repeated for two
times to remove the hydrazine. Yield 3,5-Bis-decyloxy-benzoic acid hydrazide 172 mg (86%) as
a white solid.
A 20 mL vial was charged with 42 mg (0.06 mmol) 35, 3 ml NMP and 2 g imidazole. The
mixture was stirred overnight before adding 38 mg (0.08 mmol) 3,5-Bis-decyloxy-benzoic acid
hydrazide. 35 disappeared after 5 hrs. Then the solution was heated to 110 ºC for 2.5 hrs and
cooled down in ice bath before 10 ml 5 M H3PO4 was added in. The solution was stirred in ice
bath for 1 hr and solid collected by suction filtration. The crude product was purified by column
chromatography on silica gel using 100/5(v/v) CHCl3/ethyl acetate as the eluent to afford 36d 40
mg (60%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.37 (m, 2H, perylene Ar), 8.20 (m, 4H, perylene Ar),

8.05 (t, J = 8.05, 2H, perylene Ar), 7.42 (d, J = 7.19, 2H, ether benzyl Ar), 7.19 (m, 2H, amide
benzyl Ar), 6.90 (d, J = 9.48, 2H, ether benzyl Ar), 6.69 (m, H, amide benzyl Ar), 5.35 (s, 2H,
benzyl CH2), 4.33 (t, J = 6.03 Hz, 2H, ArCOOCH2), 4.02 (m, 4H, ArOCH2), 4.01 (s, H, NH),
3.82 (s, 3H, OCH3), 1.77 (m, 6H, OCH2CH2), 1.42 – 1.26 (br, 46H, CH2), 0.87 (br, 9H,
CH2CH3).
1

H NMR of 36d in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 37d (Scheme 4.9)
32 mg (0.057 mmol) 36d and 0.99 g phenol were mixed in a 20 ml vial. The mixture was stirred
in 80 ºC and sealed after being purged with nitrogen for 5 mins. After 2 hrs, the reaction
completed, as suggested by TLC tests. Solid was precipitated by adding methanol and collected
by suction filtration. Yield 37d 16 mg (70%) as a brown red solid.
1

H NMR (CDCl3, CF3COOH, 300 MHz): δ (ppm) = 8.93 (m, 8H, perylene Ar), 7.23 (m, 2H,

benzyl Ar), 6.94 (m, H, amide benzyl Ar), 4.15 (t, J = 6.03 Hz, 4H, ArOCH2), 3.91 (s, H, NH),
1.87 (m, 4H, OCH2CH2), 1.51 – 1.31 (br, 28H, CH2), 0.89 (br, 6H, CH3).
1

H NMR of 37d in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.05 ppm); 300 MHz
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Scheme S4.3. Preparation of 25c via PMB ester cleavage-cyclization reaction
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203 mg (0.25 mmol) S4, 173 mg (0.27 mmol) tetrabutylammonium hydroxide 40 wt% solution
in methanol and 4 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for
0.5 hrs. The solution was allowed to dry at RT under a stream of nitrogen for 3 hrs. Then 3 ml
DMF was added in as the new solvent and stir until a homogenous solution is obtained (~0.5 hrs).
Then 539 mg (2.50 mmol) 1,4-dibromobutane and 93 mg (0.25 mmol) tetra-n-butylammonium
iodide were added to the solution. The mixture was stirred at RT and sealed after being purged
with nitrogen for 10 mins. The reaction completed after 48 hrs, as monitored by TLC. Solid was
precipitated by adding H2O and collected by suction filtration. The crude product was purified by
column chromatography on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford S5
233 mg (98%) as a bright red solid.
A 25 mL round-bottomed flask was charged with 303 mg (1 mmol) boc-L-glutamic acid 5-tertbutyl ester, 484 mg (0.78 mmol) tetrabutylammonium hydroxide 40 wt% solution in methanol
and 5 ml DMF. The mixture was stirred for 2 hrs before adding 233 mg (0.25 mmol) S2 and 92
mg (0.25 mmol) tetra-n-butylammonium iodide. The mixture was stirred at RT and sealed after
being purged with nitrogen for 10 mins. After 24 hrs, product was precipitated by H2O and the
red solid was collected by suction filtration. The crude product was purified by 2 times of
column chromatography on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford S6
193 mg (67%) as a red solid.
81 mg (0.07 mmol) S6 and 2.36 g phenol were mixed in a 20 ml vial. The mixture was stirred in
80 ºC and sealed after being purged with nitrogen for 5 mins. After 3 hrs, there was no S6 left as
suggested by TLC tests. Solid cannot precipitate by adding methanol or H2O. Product was
extracted by chloroform. From NMR result, the product was not 25c.
Synthesis of 38e (Scheme 4.15)
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100 mg (0.14 mmol) 35, 195 mg (0.28 mmol) tetrabutylammonium hydroxide 38 wt% solution
in H2O and 3 ml THF were added into a 10 ml round-bottomed flask and stirred at RT for 0.5 hrs.
The solution was allowed to dry at RT under a stream of nitrogen for 2 hrs. Then 6 ml DMSO
was added in as the new solvent and stir until a homogenous solution is obtained (~0.5 hrs).
Then 115 mg (0.95 mmol) allyl bromide and 100 mg (0.27 mmol) tetra-n-butylammonium iodide
were added to the solution. The mixture was stirred at RT and sealed after being purged with
nitrogen for 10 mins. The reaction completed after 1.5 hrs, as monitored by TLC. Solid was
precipitated by adding H2O and collected by suction filtration. The crude product was purified by
column chromatography on silica gel using 100/1(v/v) CHCl3/methanol as the eluent to afford
38e 85 mg (75%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 7.83 (m, 8H, perylene Ar), 7.46 (d, J = 7.19, 2H, benzyl

Ar), 6.94 (d, J = 9.48, 2H, benzyl Ar), 6.10 (m, 2H, CO2CH2CHCH2), 5.46 (d, J = 16.99 Hz, 2H,
CO2CH2CHCH2), 5.34 (d, J = 10.54 Hz, 2H, CO2CH2CHCH2), 5.33 (s, 2H, benzyl CH2), 4.85 (d,
J = 5.43 Hz, 4H, CO2CH2CHCH2), 4.31 (t, J = 6.03 Hz, 2H, CO2CH2CH2), 3.81 (s, 3H, OCH3),
1.79 (m, 2H, CO2CH2CH2), 1.26 (br, 18H, CH2), 0.87 (t, J = 7.82 Hz, 3H, CH2CH3).
1

H NMR of 38e in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 24 (Scheme 4.15)
42 mg (0.053 mmol) 24 and 1.03 g phenol were mixed in a 20 ml vial. The mixture was stirred in
80 ºC and sealed after being purged with nitrogen for 5 mins. After 15 hrs, the reaction
completed, as suggested by TLC tests. Solid was precipitated by adding methanol and collected
by suction filtration. Yield 24 25.8 mg (100%) as a bright red solid.
1

H NMR (CDCl3, CF3COOH, 300 MHz): δ (ppm) = 8.80 (d, J = 7.61 Hz, 2H, Ar), 8.71 (d, J =

8.20 Hz, 4H, Ar), 8.32 (d, J = 7.62 Hz, 2H, Ar), 6.09 (m, 2H, CO2CH2CHCH2), 5.54 (d, J =
17.29 Hz, 2H, CO2CH2CHCH2), 5.44 (d, J = 10.26 Hz, 2H, CO2CH2CHCH2), 4.98 (d, J = 4.98
Hz, 4H, CO2CH2CHCH2).
1

H NMR of 24 in CDCl3 ( = 7.26 ppm) and CF3COOH ( = 11.82 ppm); 300 MHz
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Synthesis of 38f (Scheme 4.16)
This reaction is moisture sensitive. All the chemicals were dried by vacuum oven or molecular
sieves soaking for days. 100 mg (0.14 mmol) 35, 35.7 mg (0.23 mmol) 1,8diazabicyclo[5.4.0]undec-7-ene (DBU), 104 mg (0.43 mmol) 1-Hexadecanol, 8 ml DMSO and
0.5 ml THF were mixed in a 20 ml vial. The solution was stirred for 24 hrs and the vial was well
sealed. Then 22 mg (0.17 mmol) benzyl chloride was added in the solution. After 48 hrs, the
reaction completed, as suggested by TLC tests. Solid was precipitated by adding methanol and
collected by suction filtration. The crude product was purified by a column chromatography on
silica gel using 100/5(v/v) CHCl3/ethyl acetate as the eluent to afford 38f 125 mg (85%) as a
bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.15 (m, 4H, perylene Ar), 7.98 (m, 4H, perylene Ar),

7.44 (d, J = 7.19, 7H, benzyl Ar), 6.91 (d, J = 9.48, 2H, benzyl Ar), 5.36 (s, 4H, benzyl CH2),
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4.28 (t, J = 6.03 Hz, 4H, CO2CH2CH2), 3.80 (s, 3H, OCH3), 1.75 (m, 4H, CO2CH2CH2), 1.25 (br,
44H, CH2), 0.87 (t, J = 7.82 Hz, 6H, CH2CH3).
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H NMR of 38f in CDCl3 ( = 7.26 ppm); 300 MHz
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Synthesis of 39f (Scheme 4.16)
52 mg (0.05 mmol) 38f and 1.26 g phenol were mixed in a 20 ml vial. The mixture was stirred in
80 ºC and sealed after being purged with nitrogen for 5 mins. After 3 hrs, the reaction completed,
as suggested by TLC tests. Solid was precipitated by adding methanol and collected by suction
filtration. The crude product was dissolved by chloroform and precipitated by methanol. Yield
39f 35 mg (96%) as a bright red solid.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.58 (m, 2H, perylene Ar), 8.41 (m, 4H, perylene Ar),

8.10 (m, 2H, perylene Ar), 7.40 (d, J = 7.19, 5H, benzyl Ar), 5.39 (s, 2H, benzyl CH2), 4.29 (t, J
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= 6.03 Hz, 2H, CO2CH2CH2), 1.77 (m, 2H, CO2CH2CH2), 1.25 (br, 26H, CH2), 0.87 (t, J = 7.82
Hz, 3H, CH2CH3).
1

H NMR of 39f in CDCl3 ( = 7.26 ppm); 300 MHz
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Chapter 5: A Bundled-Stack Discotic Liquid Crystalline
Perylene Monoimide Monoanhydride

5.1 Introduction

Due to the unique properties of liquid crystalline (LC) compounds, they are widely applied in the
emerging field of organic electronics and optoelectronics.[1,2] Combining their order and
molecular mobility, LC materials are promising candidates for the applications in charge
transport. Thanks to their ability to self-organize self-heal and respond to external stimuli, the
performance of a LC material-based macroscopic device is often better than its polycrystalline
counterpart.
Perylene derivatives, when equipped with appropriate peripheral chains, can self-assemble into a
discotic columnar liquid crystalline (DCLC) phase. In a DCLC phase, the aromatic moieties of
perylene aggregate into columns, often assisted by -stacking interaction, while the soft
peripheral substituents, being micro-phase separated from the rigid perylene cores, wrap around
the columns.[3,4]
Essentially all semi-conducting, DCLC phase-forming molecules feature a rigid, aromatic core
that is symmetrically surrounded by a few flexible peripheral chains. There is a single
conducting -stack per column in the DCLC phase formed by such molecules. Since the
peripheral chains are insulating, a charge carrier will not be able to continue the charge transport
upon the collision with a defect. Being a dynamic mesophase, at least temporary defects are
unavoidable in a DCLC phase. In 2004, Müllen et al. suggested that such a problem can be
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resolved if there are more than one -stack in each column.[5,6] Without insulating moieties
interrupt intra-column inter-stack charge hopping, charge carriers may move from one -stack to
one of adjacent -stacks in the same column to circumvent the defects. In 2015, our group first
designed and synthesized the such LC material and named the phase as bundled-stack DCLC
(BSDCLC) phase.[7]

40
1

Figure 5.1. PEA 40 in BSDCLC phase[7]
Figure 5.1 shows the first compound that displays a BSDCLC phase. It was believed that the
highly polar and completely substituent-free anhydride end is important for the formation the
BSDCLC phase. The electrostatic attractive force between highly polar anhydride group
encourage the formation of bundled-stacks. The fact the anhydride side is complete substituent
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free gives the greatest opportunity for inter-stack charge hopping to occur. This distinct structure
provides much more robust conducting channels for the migration of charge carriers.
Although the charge carrier mobility of the PEA 40 was observed as one of the best among
perylene derivatives, there are drawbacks in the BSDCLC structure. First, the π-stack spacing is
relative large at 0.36 nm. This is in contrast with the π-stack spacing ~0.35 nm[8-10] typically
found in DCLC perylene derivatives. A larger spacing leads to weaker intermolecular -orbital
overlap which translates into a slower charge carrier migration.[11] Another disadvantage of the
hierarchical structure of the PEA is the presence of two forms of bundled stacks (three-stack and
four-stack) where the interfaces between two regions serve as recurring structural defects. In
addition, the rigid core of a PEA is smaller than that of PDIs, as the two ester carbonyl groups
are not coplanar with the perylene ring. A smaller core is usually associated with a weaker π-π
interaction.[12]
Since a PIA also has the anhydride group that is important for the formation of a BSDCLC phase,
we believe that it also has the potential to form a BSDCLC phase with the installation of
appropriate flexible peripheral chains. A BSDCLC PIA may address the larger -stack spacing
issue of PEA 1, as the -conjugated core of a PIA is sizably larger than of a PEA (as the blue
frame shown in Figure 5.2). Besides, as PIAs are more electron deficient than PEAs, a BSDCLC
PIA will be better electron acceptor than a PEA.
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Figure 5.2. PEA and PIA structure comparison (blue frame represent the π-conjugated core area)

5.2 Results and discussion
Considering the the space filling ability of flexible peripheral tails and the volume ratio of the
rigid mesogen to soft aliphatic chains, we first chose to explore the structure-property
relationship of a series of PIAs with an alkyl swallow-tail as the imide substituent. This series of
PIAs have been synthesized according to the procedure shown in Scheme 5.1.
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Scheme 5.1.Synthetic route for PIAs 44
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The structures of these PIAs at RT were probed by X-ray diffraction (XRD). The twodimensional (2D) X-ray diffraction patterns are shown in Figure 5.3. To obtain the in-depth
structural information, samples were oriented by mechanical shearing so the molecules are
aligned. The shear direction is along the meridian, with the X-ray incident beam along the
thickness direction of the sample.
For 44a, all diffractions, at both small-angle and wide-angle regions, are sharp. This suggests
that the RT structure of 44a is guinuine crystalline with three-dimensional (3D) long-range order.
For 44b and 44c, sharp small-angle diffractions are found on the equator. Those diffractions arise
from the the intercolumnar order of stacked PIAs. The fact that those diffractions are sharp and
are on the equator reveals that PIA moties self-assemble into supramolecular columns. These
columns pack laterally in a long-ranged 2D order and the columns are well-aligned along the
shearing direction upon the mechanic deformation. Although nonequator diffractions of 44b are
generally much more diffused than that of 44a, the appearance of a few sharp diffractions in the
quadrants suggests that the RT structure of 44b is a relatively disordered crystalline phase with a
columnar structure.
For 44c, the complete lack of diffractions in the quadrants indicates that its RT phase is not a
crystalline phase. Since the phase does feature 2D long-ranged ordered supramolecular columns,
it is most likely a DCLC phase. The space filling ability of flexible chains is of particular
importance to the formation of a DCLC phase.
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Figure 5.3. 2D XRD pattern of a shear-oriented 44 with the incident beam along the thickness
direction.
The d-spacing and 2-theta angle values of key diffractions of 44c are given in Table 5.1. The
structure of RT phase of 44c was determined to be a DCLC phase with a hexagonal lattice a =
3.83 nm. The pseudo periodicity along the column direction (-stack spacing) is 0.339 nm,
which can be extracted from the wide-angle diffraction on the meridian. If one assumes that there
is only single -stack in each column, the density would be 0.275 g/cm3. Obviously, a four-stack
per column BSDCLC structure is much more reasonable. It leads to a calculated density of 1.10
g/cm3, which is in a reasonable agrement with the experimental value of 1.176 g/cm3.
Table 5.1. WAXD diffraction positions of 44c
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It is worth noting that there are only two n-alkyl chains on each rigid core in 44c, which is in a
sharp contrast with at least four peripheral chains in traditional DCLC phase-forming molecules.
Although flexible peripheral chains are needed for providing the molecular mobility for a DCLC
phase to form, they provide zero contribution to the charge carrier mobility. To the best of our
knowledge, it is the first DCLC phase-forming molecule with less than three peripheral chains.
We expect that 44c will exhibit a very high charge carrier performance as it sports a four-stack
per column BSDCLC phase, very tight -stacks (a spacing of 0.339 nm), a larger -conjugated
core than PEA and only two flexible peripheral chains. The packing scheme of mesogens in 44c
is shown in Figure 5.4.
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Figure 5.4. Schematic of a single column packing showing bundled-stack organization of
mesogens in 44c

5.3 Conclusion
We have designed and synthesized PIA 44c, the first discotic compounds that display a DCLC
phase with only one or two peripheral chains per molecule. Structural characterization results
revealed that they can self-assemble into a unique four-stack-per-column BSDCLC phase at RT.
Comparing with PEA 40, the first compound that exhibits a BSDCLC phase, PIA 44c has fewer
flexible peripheral chains, larger mesogens and can self-assemble into a BSDCLC phase with
tighter -stacks and free of reccuring defects. We believe that the charge carrier mobility of 44c
in its RT BSDCLC phase could be much higher than that of PEA 40.
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5.4 Outlook
In this thesis, considerable effort was devoted into the molecular design to improve varies
properties of perylene tetracarboxylic derivatives, including absorptivity, redox property and
unique self-assembly systems. The modification of the molecular structure of perylene
tetracarboxylic derivatives is of great importance. Although perylene tetracarboxylic derivatives
decorated by various functional groups have been prepared in this thesis research, investigations
on how electron accepting ability and optical behavior are affected by different groups remain to
be studied. Besides, deeper understanding on the self-assembly of perylene compounds impacted
by attached functional groups also needs exploration. Another possible future research
development is the combination of these perylene derivatives with biomolecules (DNA, peptides,
sugar, amino acids, etc.). The presence of amino acid residues on some perylene tetracarboxylic
derivatives facilitates their interaction with biomolecules, which in turn provides potential
applications in opto-engineered materials and biophysics. The last but not the least, it should be
very interesting to test the device performance of the BSDCLC PIA.

5.5 Experimental section

5.5.1 Materials and Methods
1

H spectra were recorded on a Varian 300 MHz NMR spectrometer with CDCl3 as the solvent at

room temperature (RT).
All XRD measurements were performed at RT on a Bruker Nanostar instrument with a Cu Ka
source and an image plate as the detector. Diffraction patterns were obtained by aligning the
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incident X-ray beam perpendicular to the plane of a mechanically sheared film of samples with
the shearing direction pointing upwards.

5.5.2 Synthesis and Characterization
All reagents and chemicals were purchased from commercial vendors and used as received
unless otherwise noted.
Synthesis of 41
1.8 g (4.6 mmol) 3,4,9,10-Perylenetetracarboxylic dianhydride (PDA), 8.8 g (18.7 mmol)
tetrabutylammonium hydroxide 55 wt% Solution in H2O and 10 ml THF were added into a 50 ml
round-bottomed flask and stirred at room temperature until PDA is totally dissolved. The
solution was allowed to dry under a stream of nitrogen at 60 °C. Then 20 ml DMSO was added
in as the new solvent and 5.4 g (26.6 mmol) 2-ethylhexyl bromide 95% was added in the solution.
The mixture was stirred in room temperature and sealed after purging by nitrogen for 10 min.
Subsequently, the yellow product came out. After 5 days, product was precipitated by water and
solid was collected by suction filtration. Pure product was obtained by column chromatography
with 50/1(v/v) CHCl3/methanol. Yield 41 2.581 g (67%) as a bright orange solid.
Synthesis of 42
In the second step, a 25 mL round-bottomed flask was charged with 2.581 g (2.94 mmol) 41 and
10 ml octane before being heated to 110 °C. After the yellow powder was all dissolved, 2 g (6.1
mmol) p-toluenesulfonic acid monohydrate (TsOH·H2O) was added to the solution and the
solution was stirred at 110 °C for 5 hrs. Then the red solid was collected directly by suction
filtration and washed by soaking in methanol. Product was obtained by drying in vacuum oven at
80 °C for 2 hrs. Yield 42 1.86 g (100%) as a red solid.
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Synthesis of 43c
A 150 mL round-bottomed flask was charged with 0.5 g (0.79 mmol) 42 and 4.8 g imidazole.
The mixture was stirred on 110 °C. 267 mg (0.79 mmol) 1-undecyldodecylamine was added by
two batches. Water added in after 6 hrs and 10 g phosphoric acid added in to neutralize the
excess imidazole. The solution was stirred for 30 min and solid collected by suction filtration.
Pure product was obtained by column chromatography with 50/1(v/v) CHCl3/methanol. Red
solid was dried in vacuum oven on 75 ºC overnight. Yield 43c 0.56 g (68%) as a red solid. 43a
and 43b were synthesized through the same strategy and the yield was 70% and 68%
respectively.
Synthesis of 44c
A 25 mL round-bottomed flask was charged with 0.98 g (1.02 mmol) 43c and 6 ml toluene
before being heated to 100 °C. After the solid was all dissolved, 0.58 g (3.05 mmol) TsOH·H2O
was added to the solution and the solution was stirred at 100 °C for 2 hours. Then the red solid
was precipitated by adding methanol and collected by suction filtration. Product was obtained by
drying in vacuum oven at 75 °C overnight. Yield 44c 0.73 g (100%) as a red solid. 44a and 44b
were synthesized through the same strategy and the yield was 98% and 97% respectively.
1

H NMR (CDCl3, 300 MHz): δ (ppm) = 8.72 (m, 8H, Ar), 5.19 (s, H, NCH), 2.25 (m, 2H,

CHCH2), 1.89 (m, 2H, CHCH2), 1.35 – 1.24 (br, 36H, CH2), 0.83 (t, J = 7.04 Hz, 6H, CH3).
1

H NMR of 44c in CDCl3 ( = 7.26 ppm); 300 MHz
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